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Abstract 
 
 
 
DEVELOPMENTAL REMODELING OF RELAY CELLS IN THE DORSAL LATERAL 
GENICULATE NUCLEUS (dLGN) OF THE MOUSE AND THE ROLE OF RETINAL 
INNERVATION 
 
 
By Rana El-Danaf, M.S. 
A dissertaion submitted in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy at Virginia Commonwealth University. 
 
Virginia Commonwealth University, 2011 
 
Major Director:  William Guido, Ph.D. 
Professor, Department of Anatomy and Neurobiology 
 
The dorsal lateral geniculate nucleus (dLGN) has become an important model for studying many 
aspects of visual system development. To date, studies have focused on the development of 
retinal projections and the role of activity in shaping the pattern of synaptic connections made 
with thalamocortical relay cells.  By contrast, little is known about relay cells and the factors that 
regulate the growth and establishment of their dendritic architecture. In many systems, such 
growth seems consistent with the synaptotrophic hypothesis which states that synapse formation 
and dendritic growth work in a concerted fashion such that afferent input and the establishment 
of functional synapses are needed to shape the maturation of dendritic arbors.  To address this, 
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we characterized the development of relay cells in the dLGN of wild-type (WT) mouse. By 
adopting a loss of function approach, we assessed the manner in which growth and maturation of 
relay cells were affected by retinal innervation.  For this, we made use of the math-null (math5
-/-
) 
mouse in which progenitors fail to differentiate into retinal ganglion cells (RGCs), and exhibit a 
>95% cell loss. Anterograde labeling of RGC axons with cholera toxin subunit B (CTB), 
immunolabeling of RGC-specific presynaptic machinery in dLGN (e.g. vesicular glutamate 
transporter 2), and ultrastructural analysis at the electron microscopy level demonstrated that the 
dLGN is devoid of retinal innervation. We examined the functional and morphological 
characteristics of relay cells in WT and math5-nulls during early postnatal life by conducting in 
vitro whole cell recordings in slices containing dLGN. Individual relay cells were labeled by 
intracellular injection of biocytin, and imaged by confocal microscopy to obtain the 3-D 
reconstructions of their dendritic trees.  Morphometric analysis revealed that relay cells in WT 
undergo two growth spurts: an early one where cell class specification and dendritic complexity 
are established and a later one marked by an increase in dendritic field and length. Following the 
third week, relay cells growth was stabilized.  In math5-nulls, relay cells maintained their 
morphological identity whereby cells could be classified in three groups (Y: spherical, X: bi-
conical, W: hemi-spherical). However, the dLGN was highly reduced in size, and relay cells 
showed disrupted growth spurts. Relay cells had smaller somata and exhibited fluctuations in 
dendritic complexity and field extent compared to age-matched WTs. Exuberance in dendritic 
branching was noted in week 2, and by week 5, relay cells had significantly smaller surface area 
resulting from a loss of dendritic segments and a reduction in dendritic field extent. Control 
experiments using RT-PCR revealed that these changes were not due to the loss of math5 in the 
dLGN.  Whole cell recordings and voltage responses to square wave current pulses showed that 
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math5-nulls possess the full compliment of intrinsic membrane properties, such as relay cells 
displayed both burst and tonic firing modes.  A cross of the math5-null with a transgenic mouse 
that expresses GFP in layer VI cortical neurons revealed a dense plexus of corticogeniculate 
terminals throughout the mature dLGN.  However, the rate of  corticogeniculate innervation was 
highly accelerated and was complete a week earlier than WT. Electric stimulation of cortical 
axons revealed that synapses are functional and responses were indistinguishable from WT.  
Taken altogether, these observations suggest that retinal innervation plays an important trophic 
role in the maturation of dLGN and is necessary for the continued maintenance of relay cells’ 
structural integrity. However, the general form and function of relay cells seem largely 
unaffected by the loss of retinal innervation.   
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Introduction 
 The thalamus is an important structure that allows for the transmission of information 
from peripheral sense organs to the cortex.  It consists of many modality specific nuclei, and 
perhaps the best studied is the visual relay, the dorsal lateral geniculate nucleus (dLGN) (see 
Sherman, 2005).  It is a central visual structure that receives its primary driver input from the 
retina, but also input from the cortex, brainstem and thalamic reticular nucleus (NRT).  The 
dLGN has been extensively investigated in carnivores and primates.  However, with the advent 
of mouse transgenics, this species has emerged as a system of choice for exploring many aspects 
of visual system function and development (see Guido, 2008).  For the latter, most of the focus 
has been directed towards understanding the mechanisms that lead to the formation and 
maturation of retinal projections and connections in the dLGN (see Huberman, 2007; Guido, 
2008).      
 Retinal ganglion cells (RGCs) arising from the nasal and upper quadrant of the temporal 
retina, cross at the optic chiasm and terminate in the contralateral dLGN; whereas axons 
originating in the lower temporal retina terminate in the ipsilateral anterior medial sector of 
dLGN (Godement et al., 1984).  Initially, projections from both eyes are diffuse, overlapping and 
share terminal space (Jaubert-Miazza et al., 2005).  For example, between postnatal days (P) 3-7, 
there is around 57% overlap between ipsilateral and contralateral axons.  However, an extensive 
period of refinement is noted between P8-10, whereby ipsilateral projections recede, sharing only 
18% of the total area of dLGN with contralateral projections.  Pruning continues so that by P14 -
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the time of natural eye opening- retinal terminals are completely segregated into eye-specific 
domains, where contralateral and ipsilateral axons occupy around 90% and 10% of the total area 
of the dLGN, respectively.  This refinement is accompanied by changes in the pattern of 
retinogeniculate connectivity (see Guido, 2008).  During the first postnatal week, a single relay 
cell receives weak binocular inputs from as many as 10 different RGCs.  However, many of 
these inputs are pruned so that by P14-21, a given relay cell receives only 2-3 inputs from one 
eye.  The pruning of these connections is accompanied by the strengthening of the remaining 
ones (Chen and Regehr, 2000; Jaubert-Miazza et al, 2005; Žiburkus and Guido, 2006).  
 A crucial element of this pathway is the targets of RGCs, the relay cells of the dLGN. 
These cells play an important role in the relay of information between the retina and visual 
cortex. Up until recently, very little was known about relay cells morphological maturation in the 
mouse.  Moreover, it remains unknown whether their growth is timed with respect to the arrival 
or the remodeling of retinogeniculate connections.   
 Preliminary studies from our lab examining the architecture of relay cells in the mouse 
showed that by P7 cells exhibit complex dendritic arbors that seem to resemble adult-like 
profiles (see Appendix I-Krahe and El-Danaf et al., 2011, submitted; El-Danaf and Krahe et al., 
2009).  This investigation identified the presence of three morphologically distinct cell types that 
displayed strong regional preferences in the dLGN.  These were termed X-, Y- and W- cells 
because they bear a striking resemblance to those previously identified in the cat (Friedlander et 
al., 1981; Stanford et al., 1981, 1983).  Y-cells have radially symmetric dendritic arbors and are 
found throughout the nucleus in a central band parallel to the optic nerve. X-cells have a bi-
conical morphology and are located within the monocular segment of the dLGN, and W-cells 
have a hemispherical shape and are situated along the borders of the nucleus. Other reports also 
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showed that relay cells possess different voltage-gated membrane conductances that emerge 
during early postnatal life, and dictate how they integrate and transmit neuronal signals 
(MacLeod et al., 1997; Jaubert-Miazza et al., 2005; Dilger et al., 2011).  Many of these 
properties, while present at birth, are somewhat immature, and their maturation is attained by the 
third postnatal week (MacLeod et al., 1997).   
 These structure-function relationships of relay cells were thoroughly studied in cat 
dLGN.  These can be divided into three morphologically and physiologically separate cell types 
forming distinct parallel pathways that are essential for dissecting different aspects of the visual 
scene (Friedlander et al., 1981; Stanford et al., 1981, 1983).  For example, moving stimuli are 
captured through the Y- pathway, while X- cells are important for analyzing details.  In rodents, 
it was uncertain whether parallel channels exist.  Recently, a host of transgenic mice permitted 
the identification of functionally distinct classes of RGCs each with unique central projections.  
For several classes of mouse RCCs, these transgenic lines revealed lamina-specific projections to 
dLGN, which correspond to the regional preferences of relay cells (Hattar et al., 2006; 
Huberman et al., 2008; Kim et al., 2008; Badea et al., 2009; Huberman et al., 2009; Siegert et al., 
2009; Ecker et al., 2010; Kim et al., 2010; Kay et al. 2011; Rivlin-Etzion et al., 2011).  These 
findings provided strong evidence supporting the presence of parallel pathways in the mouse 
visual system similar to the ones found in higher mammals.   Taken together, relay cells appear 
to be structurally and functionally mature at early postnatal ages.  Given the adult-like 
characteristics of these neurons, it seems that they provide a template for retinogeniculate 
remodeling. Nonetheless, the mechanisms that govern the functional and structural growth of 
relay cells remain largely unexplored.   
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 The role that afferent inputs play in the development of their postsynaptic targets has 
been a subject of interest.  The steps involved in the formation of functional synaptic 
connectivity include:  axonal outgrowth, target selection and initial contact between growing 
axonal and dendritic processes, differentiation and recruitment of pre- and post-synaptic 
elements, and lastly synapse maturation and refinement (Fox and Umemori, 2006; Fox, 2008). 
Synapse formation has been thought to play a role in dendritic maturation.  This idea is 
consistent with the synaptotrophic hypothesis (Vaughn, 1989; see Cline and Hass, 2008).  It 
suggests that synapse formation and dendritic maturation occur in a concerted fashion, and that 
these pre- and post-synaptic interactions are necessary for shaping the features of the dendritic 
architecture of neurons.  This hypothesis was proposed by Vaughn from his work on the 
developing neurons of the motor spinal cord (Vaughn et al., 1988; Vaughn, 1989).   He reported 
that neurons direct their dendritic processes towards synaptically rich regions.  He also noted that 
dendritic growth cones differentiate and acquire adult-like characteristics after making synaptic 
contacts with their afferent inputs.  Other investigations have shown that key cellular events that 
have been implicated in the formation of functional synapses also influenced many aspects of 
dendritic tree growth, including initial elaboration and continued maintenance of their dendritic 
arbors, such as adhesion molecules, N-methyl-D-aspartate- type (NMDA) receptors, and calcium 
signaling (see Cline and Haas, 2008).  For example, in the developing retinotectal system of the 
Xenopus, the blockade of NMDA receptors of immature tectal neurons with APV resulted in 
smaller dendritic fields and sparsely branched processes (Rajan and Cline, 1998).  A more recent 
study in the same system combining in vivo time lapse imaging and electron microscopy showed 
that mature synapses were associated with stable dendritic processes (Li et al., 2011).   
5 
 Interestingly, functional maturation and relay cell specification coincide with a dynamic 
period of retinal innervation, synaptogenesis and remodeling. During early postnatal life, retinal 
axons are the only terminals and exclusive source of synapses present in the dLGN (Godement et 
al. 1984; Jaubert-Miazza et al., 2005; Bickford et al., 2010; Seabrook et al., 2010).  Studies have 
shown that RGCs target the dLGN at perinatal ages, whereby innervation from the contralateral 
retina starts at embryonic day (E) 16 and ipsilateral projections enter the nucleus at E21-P1 
(Godement et al., 1984).  There is also evidence of trophic support provided by retinal axons. For 
example, it has been shown that RGCs terminating in the dLGN release the brain derived 
neurotrophic factor (BDNF), which bind to their receptors localized on postsynaptic dendrites 
(see Cohen-Corry and Lom, 2004).  Moreover, enucleation studies result in profound effects on 
dLGN, such as reduced size and distorted shape of the nucleus (Cullen and Kaiserman-Abramof, 
1976; Heumann and Rabinowicz, 1980; Williams et al., 2002). Taken all together, this suggests 
that retinal innervation, synaptogenesis, and subsequent remodeling may be needed for the 
morphological and functional maturation of relay cells, as well as for the overall structural 
organization of the dLGN. 
A number of studies have tried to examine the relationship between retinal input and 
relay cells development.  However, results from these studies are open to interpretation largely 
because they were limited by the techniques employed to remove retinal input.  In these, some of 
the methods included deafferentation of the optic nerve through postnatal enucleation or 
blockade of retinal activity by tetrodotoxin (TTX).  In ferrets, early postnatal bilateral 
enucleation was performed (Sutton and Brunso-Bechtold, 1993).  In this study, the timing of the 
manipulations seems inappropriate since it occurred 10 days after retinal axons had already 
innervated the dLGN. The enucleation was done too late and did not rule out the perinatal effects 
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of retinal innervation and synaptogenesis. Similar timing issue is apparent in a study done in fetal 
cats after blocking voltage gated Na
+
 channels with TTX (Dalva et al., 1994).  Although this was 
done prenatally, TTX was administered 9 days after RGCs axons had entered the dLGN (Shatz, 
1983).  Moreover, neurotransmitter release can occur spontaneously in the presence of TTX, 
which could potentially lead to postsynaptic activation of relay cells.  In rodents, similar 
technical limitations were apparent.  In the rat, retinal activity was blocked unilaterally with TTX 
through a long term treatment that began at P5 and relay cells dendrites were examined at P21 
(Riccio et al., 1987).   In the mouse, monocular enucleation was performed at birth and dendritic 
arborization was assayed at P31 (Brandes, 1971).  As in the case of cats and ferrets, these 
manipulations were done after the arrival of RGC axons to the dLGN, which begins 
embryonically in the mouse (Godement et al., 1984).  Additionally, differentiation of dLGN 
neurons begins at E13, and by birth these cells are remarkably complex (Angevine et al., 1970; 
see Appendix I- Krahe and El-Danaf et al., 2011, submitted).  Furthermore, manipulations were 
monocular and did not rule out any compensatory interactions that could be provided by the 
intact eye.  Moreover, the analyses did not survey the developmental time course of relay cells, 
since they were done at one specific time point.  In general, these manipulations had minimal 
influence on relay cells development.  Perhaps, the most substantial were those reported in 
ferrets after binocular enucleation which led to reduced soma size and a delay in the elimination 
of dendritic appendages.  In order to examine the development of relay cells in the complete 
absence of retinal innervation, manipulations as the ones stated above cannot be employed in the 
mouse.  
 Perhaps the utility of the mouse model is to employ a genetic form of deafferentation.   In 
part, the anophthalmic mouse (ZRDCT or eyeless) is the first example of how this could be used.  
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In this strain, there is an arrest in the growth of the optic vesicle at E10 which prevents the 
formation of an optic cup (Chase and Chase, 1941).  As a result, 90% of animals in this strain 
exhibit bilateral eyelessness by E13, and have no optic nerve formation.  In these mutants, the 
eyeless phenotype is a prime example of “multifactorial inheritance” in mice, which indicates 
that several genetic and environmental factors might play a role in the emergence of this trait 
(Tucker et al., 2001).   In mice, one of the causes of anophthalmia was identified as a mutation in 
the homeobox gene Rx/rax (Tucker et al., 2001).  Moreover, in human cases of anophthalmia, 
multiple genes were implicated such as Pax6, Sox2, Otx2 and many others (Verma and 
Fitzpartick, 2007).  Because multiple factors contribute to the etiology of this mutation, using 
these mice as an experimental tool to assess the role of retinal input in the development of relay 
cells is highly problematic.  The genetic ambiguity would make it difficult to evaluate whether 
any changes at the level of relay cells growth would be a direct effect of the absence of retinal 
input or an indirect result of the unrelated genetic defects in this mutant.    
 To overcome these obstacles, we took advantage of a transgenic mouse model, the 
math5-null (math5
-/-
) mutant.  Math5 is a murine basic helix-loop-helix (bHLH) gene that is 
expressed in the retina starting at E11 and is essential for the differentiation of retinal progenitor 
cells into RGCs (Brown et al., 1998).   As a consequence, math5-nulls exhibit greater than 95% 
loss of RGCs (Wang et al., 2001; Brown et al., 2001; Moshiri et al., 2008).  Reports show that 
retinal axons of surviving cells fail to form an optic nerve that project into the brain (Brown et 
al., 2001; Wee et al., 2002; Brzezinski et al., 2005). As a result, this form of genetic 
deafferentation will not expose the dLGN to retinal input, and precedes the timing when these 
normally enter the nucleus.  These mice will provide a good model for assessing whether the 
maturation of relay cells relies on retinal innervation.       
8 
 The objective of this study was to explore the development of relay cells in the dLGN of 
the mouse and whether their maturation requires retinal innervation.  The early postnatal 
structural and functional characteristics of relay cells were studied in WT mouse, as well as in 
the complete absence of retinal innervation using math5-nulls.  This was done with the use of in 
vitro whole cell patch clamp recording in thalamic slices of dLGN. Various protocols of current 
pulse injections were applied to assess the presence as well as the properties of various voltage-
gated conductances.   Following recording, intracellular injection of biocytin was made in order 
to visualize individual relay cells, and their 3-dimensional structure was obtained with confocal 
microscopy.  Various morphometric characteristics were examined with the use of Volocity 
software.  In addition to cellular maturation, overall structural organization of the dLGN may 
require retinal innervation and synaptogenesis.  Analysis of the dLGN in terms of 
cytoarchitecture, area and cell density were made with the use of cresyl violet nissl stain.    
 Finally, we examined whether the absence of retinal innervation has an impact on the 
development of other non-retinal circuits in the dLGN.  Relay cells receive and integrate signals 
from different brain regions.  These inputs include feed-forward inhibition from dLGN intrinsic 
interneurons, feed-back inhibition from NRT, as well as cholinergic input from brainstem.  The 
majority of the synapses made on relay cells arise through the feedback excitation from layer VI 
of visual cortex.  The emergence of these inputs is delayed compared to retinogeniculate 
connectivity.  Both anatomical and electrophysiological studies reveal that corticogeniculate, 
cholinergic, and intrinsic connections between interneurons and relay cells do not occur until the 
second postnatal week (Ballesteros et al., 2005; Bickford et al., 2010; Seabrook et al., 2010).  
This is the time when eye-specific segregation of retinal projections is complete, and cells 
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receive largely monocular input (see Guido, 2008).  This suggests that retinal axons might be 
involved in controlling the non-retinal innervation of dLGN.   
Our goal here was to begin to address these issues.  The largest source of non-retinal 
input arises from the glutamatergic connections arising from layer VI of visual cortex (Bickford 
et al., 2010).  Recently, Seabrook et al. (2010) detailed the course of corticogeniculate 
innervation to dLGN with the use of the transgenic mouse model golli-τ-GFP (Jacobs et al., 
2007). In these mice, neurons from layer VI of the cortex express a τ -GFP fusion protein under 
the control of the golli promoter element of the myelin basic protein gene (Jacobs et al., 2007).  
This allows for tracing and studying corticofugal projections to different targets, including the 
dLGN.  Using the same loss of function approach, we characterized the spatial extent, as well as 
functional connectivity of corticogeniculate projections by crossing math5-nulls with golli-τ-
GFP transgenics. For this, we examined whether corticogeniculate innervation occurs in the 
absence of retinal innervation.  We measured the spatial extent of corticogeniculate projections 
in the dLGN at different postnatal ages. Moreover, we tested whether functional connectivity 
exists between corticogeniculate axons and relay cells by measuring responses of individual 
relay cells to the electric stimulation of cortical afferents.   
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Methods and Materials 
 
Subjects   
 All procedures were performed in compliance with the Institutional Animal Care and Use 
Committee at Virginia Commonwealth University. Mice ranging in age between the first and 
fifth postnatal weeks were studied.  Three strains were used: pigmented wild-type mice (WT- 
C57/BL6), math5-nulls (math5
-/-
) on a C57/BL6 background provided by S. Wang (Wang et al., 
2001), golli-τ-GFP mice on a mixed background provided by C. Campagnoni and E.C. Jacobs 
(Jacobs et al., 2007).  Math5-nulls/golli-τ -GFP mice were generated by crossing math5-nulls 
with the golli-τ-GFP transgenics.  Mice resided in colonies at the VCU Medical Center. 
 
Intravitreal eye injection 
 Injection of the anterograde tracer cholera toxin subunit B (CTB) was performed in order 
to visualize retinal projections in the dLGN (Jaubert-Miazza et al., 2005).   Mice were 
anesthetized with isoflurane vapors.  Using a glass pipette, the sclera was pierced near the ora 
serrata and excess vitreous fluid was drained.  Using another glass pipette attached to a 
picospritzer, 3-8 μl of CTB (1.0% solution dissolved in distilled water) conjugated to Alexa 
Fluor 488 or 594 dyes (Invitrogen) were then injected into the same opening.  Following eye 
injections, animals were given a 2-day survival period to allow the tracer to travel, reach the 
dLGN and effectively label axon terminals.   
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In vitro intracellular recording 
 Recordings were done using methods described elsewhere (Jaubert-Miazza et al., 2005; 
Bickford et al., 2010; Dilger et al., 2011).  Animals were anesthetized with isoflurane and 
decapitated.  The brain was excised and placed  in a 4°C oxygenated (95% O2/5% CO2) slicing 
sucrose solution (in mM: 26 NaHCO3, 23.4 sucrose, 10 MgSO4, 0.11 glucose, 2.75 KCl, 1.75 Na 
H2PO4, 0.5 CaCl2). Slices (300 μm) were cut in the coronal or parasagittal plane on a vibratome 
(Leica VT1000S), and placed for 1 hour in a 35°C oxygenated solution of artificial cerebral 
spinal fluid (ACSF) (in mM: 124 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2.0 MgSO4, 26 NaHCO3, 10 
glucose, 2 CaCl2).   Slices containing dLGN were selected for in vitro intracellular recording in 
the whole cell current clamp mode, and were perfused in an oxygenated solution of ACSF that 
was kept heated at 30°C.  Cells were visualized with the aid of IR-DIC optics, and were patched 
with electrodes made of borosilicate glass filled with an internal solution (in mM: 140 K 
gluconate, 10 HEPES, 0.3 NaCl, 2 ATP-Mg, 0.1 GTP-Na; pH 7.25) containing 5% biocytin (Fig. 
1).  Patch electrodes were vertically pulled and had a final tip resistance of 3-7 MΩ.  Electrodes 
were connected to an amplifier (Axoclamp 2B, Axon instruments).  Different protocols of square 
wave current pulses (± 0.01 nA, 1000ms, 0.0025 nA increments) were applied and the resulting 
voltage responses were measured. Neuronal activity was digitized with an interface unit 
(National Instruments) and stored on a computer.  Data acquisition and analysis was done using 
Strathclyde Electrophysology Software, Whole Cell Analysis Program V3.8.2. 
 To examine synaptic connectivity between cortex and dLGN relay cells, 
corticogeniculate axonal stimulation was done in a parasagittal thalamic slice (Turner and Salt, 
1998; Krahe and Guido, 2011).  Bipolar sharpened tungsten electrodes were placed at the 
internal capsule (Tocris Bioscience), and paired-pulse (PP) stimuli were delivered at different 
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interstimulus intervals (ISI, 100-1000 ms).  Inhibitory activity was blocked with bath application 
of γ-aminobutyric acid (GABA) antagonists bicuculline (25 μM, Tocris 0131) and CGP (10 μM, 
Tocris 1248). 
 After recording, slices were fixed overnight with 4% paraformaldehyde (PFA) in 0.1M 
phosphate buffer solution (PBS; pH=7.2) and then incubated overnight in a 0.1% solution of 
Alexa Fluor 647 conjugated streptavidin (Invitrogen) dissolved in PBS with 0.1% Triton X-100. 
Slices were washed with PBS and then mounted with ProLong Gold with DAPI (Invitrogen), 
cured overnight at room temperature and stored in a freezer at -20°C. Labeled sections were 
initially visualized and photographed with an upright epi-fluorescence microscope (Nikon E600, 
Photometrics Cool snap camera) to select labeled cells that were suitable for 3-dimensional 
imaging by confocal laser scanning microscopy (Fig. 1).   
 
Three-Dimensional Reconstruction 
 Three-dimensional reconstructions were done using a multi-photon/confocal laser 
scanning microscope (Zeiss LSM510 NLO Meta).  Fluorescence from labeled dLGN neurons 
was excited using 633 nm HeNe laser and emission detected, using the Meta detector, over a 
range of 651 – 694 nm. Targeted neurons were imaged with either a Plan-Neofluar 40x (1.3 n.a) 
oil immersion objective lens or a C-Apochromat 40x (1.2 n.a) water immersion objective lens 
and a scan resolution of 2048 x 2048 pixels. 3-D datasets were compiled from a sequential series 
of optical slices with a step size through the z axis of 0.48 µm (40x/1.2 n.a. lens) or 0.5-0.58 μm 
(40x/ 1.3 n.a. lens).   3-D Z-stack datasets were rendered and analyzed offline using Volocity 
software (Improvision, version 4.3.2).   For 15 neurons a zoom of 0.7-0.9 was utilized, because it 
was not possible to obtain the entire dendritic arbor in the field of view of the objective lens.  
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Image sequences were deconvolved using iterative restoration technique based upon a calculated 
theoretical point spread function to reduce signal noise generated from outside the focal plane of 
interest.  Thresholding values were set according to signal intensity and background noise.   
 
Cresyl violet nissl stain 
  Animals were anesthetized with isoflurane vapors, and transcardially perfused with PBS 
for 5 minutes, followed by 4% PFA (pH 7.2) in 0.1M PBS for 15-20 minutes.  Brains were 
excised and fixed overnight with 4% PFA.  Slices containing dLGN were cut on a coronal plane 
with a vibratome (70 μm), and left to dry overnight.  Slices were washed for 3 minutes in 95% 
and 75 % ethanol solutions, respectively.  Slices were washed in dH2O for 1 minute, before 
immersing them in cresyl violet stain for 20-30 seconds, and then were rinsed briefly with dH2O.  
Sections were dehydrated for 3 minutes in 70%, 95%, 95%, 100%, 100% ethanol solutions, 
respectively.  Finally, slices were cleared in xylene twice for 5 minutes.  Slides were mounted 
with Permount, and visualized by light microscopy (Olympus IX 71, Photometrics Cool snap 
camera), and pictures were taken with a 10x objective lens.  Images were analyzed with 
Metamorph software. Area measurements and cell density counts were obtained from 2-4 
consecutive sections through the middle of the dLGN.  Cell density counts were calculated from 
a 100 µmx100 µm region of interest that was selected from the center of each representative 
dLGN section.  
 
Immunohistochemistry 
  Slices containing dLGN were processed using antibody that stains for VGluT2, a 
vesicular glutamate transporter found in retinal terminals (Fujiyama et al., 2003). Slices 
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containing dLGN were cut on a coronal plane with a vibratome (40 μm).  The following primary 
antibody was used:  rabbit anti-VGluT2 (1:1000 dilution, Synaptic Systems, Cat# 135-403).  
Before incubation, sections were rinsed in PBS, and then treated for 1 hour with blocking 
solution (5% NGS, 2.5% BSA and 0.1% Triton X-100).  Sections were incubated overnight with 
the primary antibody at 4˚C, rinsed with PBS, and were then incubated in the secondary antibody 
for 2 hours at room temperature (1:1000 dilution; Alexa 594 conjugated goat anti-rabbit IgG; 
Invitrogen, Cat# A11037).  Sections were rinsed in PBS, mounted with Prolong Gold with DAPI 
(Invitrogen) and cured overnight at room temperature.  Sections were photographed with an 
upright epi-fluorescence microscope (Nikon E600, Photometrics Cool snap camera). 
 
RT-PCR 
 Retina and dLGN tissue were harvested from C57/Bl6 mice at different embryonic and 
postnatal ages using methods described elsewhere (Su et al., 2011).  RNA was isolated using the 
Bio-Rad Total RNA Extraction from Fibrous and Fatty Tissue kit (Bio-Rad).  Reverse 
transcription and cDNA generation were made using Superscript II Reverse Transcriptase First- 
Strand cDNA Synthesis kit (Invitrogen).  The following math5 primer pairs were used:  5’- 
ATGGCGCTCAGCTACATCAT- 3’ and 5’-GGGTCTACCTGGAGCCTAGC- 3’.  The 
annealing temperature utilized was 56 ˚C. 
 
Electron Microscopy  
 Analysis of dLGN ultrastructure was carried out as previously reported (Bickford el al., 
2010).  Mice (P21, 22) were deeply anesthetized with isoflurane vapors and perfused 
transcardially with 2% PFA/2% glutaraldehyde in 0.1M phosphate buffer solution for 15-20 
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minutes. Brains were excised and cut on a coronal plane (50–100 µm thick) using a vibratome 
(Leica VT100E). Sections were postfixed in 2% osmium tetroxide, dehydrated in a graded series 
of ethyl alcohol and then embedded in Durcupan resin. 70 nm ultrathin sections were cut, 
collected on Formvar-coated nickel slot grids and then were stained with uranyl acetate.  
Sections were examined with a Philips CM10 electron microscope, and images were collected 
with a digitizing camera (SIA-7C; SIA, Duluth, GA). 
 
Thresholding analysis 
 Mice ranging between P2-21 were deeply anesthetized with isoflurane and transcardially 
perfused with PBS followed by 4% PFA in 0.1 M phosphate buffer for 15-20 minutes. The 
brains were postfixed in 4% PFA overnight and sectioned at 70 μm in the coronal plane using a 
vibratome (Leica, VT100S), and were mounted in ProLong Gold antifade reagent with DAPI 
(Invitrogen).  Images of dLGN were acquired with a Photometrix Coolsnap camera attached to a 
Nikon Eclipse fluorescence microscope using a 10x objective lens. Fluorescent images of labeled 
sections were acquired and digitized separately (1300 × 1030 pixels/frame) using the following 
filter settings: Alexa 488: Exciter 465–495, DM 505, BA 515–555.  To determine the spatial 
extent of corticogeniculate projections in the dLGN, threshold imaging protocols were used 
(Jaubert-Miazza et al., 2005). The boundaries of dLGN were delineated, and the spatial extent of 
corticogeniculate projections was determined by summing the area across 2-4 successive 
sections through the middle of dLGN and then expressing the labeled regions as a percentage of 
the total area of dLGN. 
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Results 
Math5-null model 
Math5 expression in dLGN 
Math5 encodes a helix-loop helix transcription factor that specifies RGC fate (Brown et 
al., 1998; Brown et al., 2001; Wang et al., 2001).  Embryonically, math5 is expressed in the 
retina as well as the tenth cranial ganglion (Brown et al, 1998).  In the retina, math5 is 
developmentally regulated, first appearing at E11, continuing through birth, but is absent in the 
adult (Brown et al., 1998; Brown et al., 2001; Wang et al., 2001). It is also expressed in the adult 
tissue such as hindbrain and in a subset of neurons in the ventral cochlear nucleus (VCN; Saul et 
al, 2008). A closer examination of math5 expression in central visual targets such as dLGN has 
been lacking. Here, we examined math5 expression in the developing retina and dLGN using 
RT-PCR (Fig. 2).  As expected, math5 is expressed in the retina between E13-P3, but is absent at 
P13 and in the adult. Moreover, we found no evidence of math5 expression at P2, 3, 14 and adult 
dLGN.  Thus any reported changes observed in developing relay cells cannot be attributed to the 
lack of math5 in the brain, but rather is a direct consequence of the absence of RGCs. 
 
dLGN is devoid of retinal axons  
 Most studies on math5-nulls have been restricted to the retina. While some have noted 
that the optic nerve fails to form in these mutants, few studies have examined on a cellular level 
whether the remaining 5% of RGCs grow axons that enter the brain (Brown et al., 2001; Wang et 
17 
al., 2001; Wee et al., 2002; Brzezinski et al., 2005).  In order to confirm that the dLGN does not 
receive any retinal inputs from these few remaining RGCs, injections of the anterograde tracer 
CTB conjugated to different fluorescent dyes were made (Fig. 3; Alexa fluor 488: left eye; 594: 
right eye). This technique allows for the visualization of retinal terminal fields in central visual 
structures (Jaubert-Miazza et al., 2005).  By injecting different fluorescent dyes in each eye, the 
eye-specific patterning is revealed.  For example, retinal projections arising from the 
contralateral eye occupy as much as 85-90% of the territory in dLGN. Whereas ipsilateral retinal 
axons terminate in the anterior medial sector of dLGN forming a small non-overlapping patch 
that occupies only 10-15% of the area of the nucleus (Jaubert-Miazza et al., 2005).  In contrast, 
in the suprachiasmatic nucleus (SCN) projections from both eyes are intermingled.  This is 
illustrated for WT SCN and dLGN in figures 3B and 3C, respectively.  CTB injections were 
made in math5-nulls between P2-P48, and indeed there was no evidence of CTB labeling in 
dLGN (Fig. 3C). Moreover, we failed to detect any labeled elements in regions that correspond 
to optic nerve, optic tract or other retino-recipient targets such as SCN (Fig. 3A, 3B; see also 
Wee et al., 2002; Brzezinski et al, 2005).   
 To further confirm the absence of retinal innervation in the dLGN, the expression of 
vesicular glutamate transporter2 (VGluT2) was examined using immunohistochemistry.  
VGluT2 is found exclusively in retinal terminals, as well as in thalamocortical axons collaterals 
within dLGN (Fig.4, Fujiyama et al., 2003; Land et al., 2004; Bickford et al., 2008).  At P14, 
there was almost a complete absence of VGluT2 in math5-nulls. The residual weak staining that 
we observed was similar to the labeling pattern seen after a 7-day binocular enucleation, and 
perhaps reflected terminals originating from thalamocortical axon collaterals (Fig. 4, see also 
Fujiyama et al., 2003; Bickford et al., 2008). 
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 Finally, we examined the ultrastructure of dLGN in math5-nulls (Fig. 5).  In WT, 
retinogeniculate terminals are characterized as having round vesicles, large profiles and pale 
mitochondria (RLP), whereas, corticogeniculate and brainstem terminals have round vesicles, 
small profiles and dark mitochondria (RSD) (Rafols and Valverde, 1973;  Bickford et al., 2010).  
In math5-nulls, we examined 14 sections in dLGN.  RSD profiles could be readily detected. 
However, we failed to detect any RLP profiles.  Typically, RLP profiles constitute around 12% 
of the total synaptic terminals in WT (Bickford et al., 2010). Instead, we noted the presence of 
terminals characterized by having round vesicles, large profiles and dark mitochondria termed 
RLD (Fig. 5).  RLD profiles have been observed in enucleated, anophthalmic and microphthamic 
strains of mice, but their origin is yet to be determined (Cullen and Kaiserman-Abramof, 1976; 
Kaiserman-Abramof, 1983; Winkelmann et al., 1985).   
 Taken together, these results indicate that retino-recipient targets such as dLGN are 
devoid of retinal innervation in math5-nulls.  Thus, these mutants serve as a suitable model for 
studying the development of relay cells in the absence of retinal innervation and signaling.    
 
Morphological characteristics of relay cells 
 Representative examples of biocytin filled relay cells at different postnatal ages in math5-
nulls are shown in figure 6.   Several morphological features were studied including:  total, 
somatic and dendritic surface area, dendritic field, complexity and branching patterns.  In 
addition, cell class specification and location within dLGN were examined.  A total of 58 relay 
cells were studied in math5-nulls ranging between P4-35, and their morphology was compared to 
WT age-matched counterparts (n=82).  In general, math5-null relay cells had large somata, 
multipolar dendrites, and long axons that left the nucleus.  At first glance, these cells appeared 
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similar to their WT counterparts.  However, a quantitative analysis revealed differences in their 
growth patterns and dendritic architecture.   
Surface area of relay cells  
 Total surface area measurement for individual dLGN relay cells were obtained on a 3-
dimensional scale by selecting an area of interest that highlights the neuron and its processes in 
all the captured Z-stacks.  Soma surface area was obtained by outlining the cell body in the X, Y 
and Z planes, and dendritic surface area was calculated as the difference between total and 
somatic surface area for each neuron.  Surface area measurements were made for a total of 69 
relay cells in WT (P2-35) and 55 relay cells in math5-nulls (P4-35).   
In WT, there was a significant increase in dendritic surface area with age (Fig. 7A; one-
way ANOVA, F=9.103, p<0.0001).   This was manifested by roughly a 3-fold increase in 
dendritic surface area between the first and third postnatal weeks (n=8 week 1, 1.47x10
4
 ± 
6.58x10
3
 µm
2
 vs. n=19 week3, 5.02x10
4
±6.21x10
3
 µm
2
; Bonferroni post hoc test, p<0.0001). 
After this time, dendritic surface area showed no significant changes through the fifth postnatal 
week (n=8, 5.05x10
4
±6.58x10
3
 µm
2
; Bonferroni post hoc test, p=1).  By contrast, soma surface 
area remained relatively constant throughout postnatal weeks 1-5 (Fig. 7B; one-way ANOVA, 
F=0 .444, p=0.777).      
Relay cells in math5-nulls showed significant changes in dendritic surface area with age 
(Fig. 7B; one-way ANOVA, F=4.268, p<0.01). There was a steady increase in dendritic surface 
area that peaked by the third postnatal week and represented roughly a 4-fold increase compared 
to postnatal week 1 (n=7 week1, 1.35x10
4
±1.08x10
4
 µm
2
 vs. n=17 week3, 6.22x10
4
±6.93x10
3
 
µm
2
; Bonferroni post hoc test, p<0.01).  However, dendritic surface area declined, so that by the 
fifth postnatal week values were comparable to those seen at week 1 (n=8, 2.61x10
4
±1.28x10
4 
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µm
2
; Bonferroni post hoc test, p=1).  Soma surface area showed a similar growth pattern.  The 
third postnatal week marked a peak in the growth of neuronal cell bodies.  Whereas a significant 
reduction was observed during the fifth week (Fig. 7B; n=17 week3, 1.26x10
3
±1.49x10
2
 µm
2
 vs. 
n=5 week5, 7.31x10
2
±2.76x10
2
 µm
2
; Temhane post hoc test, p<0.01).   
Dendritic surface area in math5-nulls were comparable to WT during the first, third and 
fourth postnatal weeks.  However, math5-nulls showed a significant increase in dendritic surface 
area during the second postnatal week (Fig 7A, 7B; n=25 WT, 2.41x10
4
±3.73x10
3
 µm
2
 vs. n=17 
math5-null, 4.83x10
4
±6.93x10
3
 µm
2; Student’s t-test, p<0.01).  Such growth was not sustained 
and by the fifth postnatal week, relay cells in math5-nulls were significantly smaller than those in 
WT (Fig. 7A, 7B; n=8 WT, 5.04x10
4
±6.58x10
3
 µm
2
 vs. n=5 math5-null, 2.61x10
4
±1.28x10
4
 
µm
2; Student’s t-test, p<0.05).  Overall, soma surface area in math5-nulls was significantly 
smaller than WT, with the exception of week 4 (Fig. 7C; n=9 WT, 1.39x10
3
±3.87x10
2
 µm
2
 vs. 
n=8 math5-null, 1.37x10
3
±2.18x10
2
 µm
2; Student’s t-test, p=0.9). 
 
Dendritic field 
  Different aspects of dendritic complexity were examined including dendritic field, 
number of branches, as well as branching patterns.  First, the 3-dimensional space occupied by 
relay cells’ dendrites was measured to obtain an assessment of their dendritic fields.  This was 
calculated as the product of the lengths of dendritic field extent in the X, Y and Z axes. For each 
relay cell, Z axis was identified as the depth of the stacked image, and X and Y axes were 
assigned from the projection image, and they were two perpendicular lines crossing at the soma.  
A total of 82 relay cells were examined in WT (P1-40) and 58 relay cells in math5-nulls (P4-35).  
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In WT, relay cells underwent a progressive increase in dendritic field size until the third 
postnatal week (Fig. 8A; one-way ANOVA, F=16.97, p<0.0001). By the fifth postnatal week, 
cells exhibited about a 5-fold increase in dendritic field compared to the first week (Fig. 8A; 
n=10 week 1, 6.35x10
5
± 2.93x10
5
 µm
3
 vs. n=10 week 5, 3.19x10
6
± 2.93x10
5
 µm
3
; Bonferroni 
post hoc test, p<0.0001). 
 Relay cells showed changes in dendritic field with age in math5-nulls (Fig. 8A; one-way 
ANOVA, F=3.601, p=0.012).  Dendritic field peaked by the fourth postnatal week, where there 
was a 3-fold increase compared to week 1 (n=8 postnatal week 1, 7.20x10
5
± 4.18x10
5
 µm
3
 vs. 
n=10 postnatal week 4, 2.52x10
6
± 3.74x10
5
 µm
3
; Temhane post hoc test. p<0.01).  In contrast, 
values were not significantly different between the first and fifth weeks (n=5 postnatal week 5, 
1.77x10
6
±5.29x10
5
 µm
3
; Temhane post hoc test, p=0.051).   
Compared to WT, math5-nulls showed comparable dendritic field size throughout the 
first 4 weeks.  However, math5-nulls were significantly smaller than WT at the fifth postnatal 
week (Student’s t-test, p<0.01), indicating that growth stopped in math5-nulls while it continued 
in WT.   
 
Dendritic complexity and branching pattern  
 Dendritic branching patterns were assessed using the centrifugal method (Fig. 9A; Fiala 
et al., 2008).  Primary dendrites are those that stem from the cell body of the neuron. The degree 
of branching reflects their complexity and can be measured simply by counting the number of 
successive branch points on each of their identified primary dendrites (Fig. 9A).   On a 3-D scale, 
this was done by toggling up and down through the entire 3-D rendered stack in the z-plane, 
identifying primary order dendrites, and counting the order as well as the number of each of their 
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consecutive daughter branches.  The branching patterns were studied for 40 relay cells in WT 
(P1-P40) and 51 relay cells in math5-nulls (P4-35).   
 In WT, branching showed significant increase with age (Fig. 9B; one-way ANOVA, 
F=9.67, p<0.0001).  Between weeks 1 and 2, relay cells displayed a 2-fold increase in the total 
number of dendritic branches.  However, between weeks 2-5 branch numbers remained relatively 
stable.  On average, WT cells had roughly 49.4±7.3 total branches during the first week and 
98.2±3.8 thereafter.  In math5-nulls, branching also showed significant changes with age (Fig. 
9B; one-way ANOVA, F=13.557, p<0.0001).  Between weeks 1-2, branch numbers increased 
significantly from 58.1±7.7 (n=8) to 126.5±5.6 (n=15; Bonferroni post hoc test, p<0.0001). 
However, math5-nulls failed to maintain these numbers between weeks 3-5, so that by the fifth 
week the number of dendritic branches was reduced to 82.0±10.9 (n=4; Bonferroni post hoc test, 
p<0.01). 
Finally, branching patterns were assessed as a means to further characterize complexity.  
The number of branch points for each branch order was calculated (Fig. 9C).  In math5-nulls and 
WT, most cells regardless of age had 6-7 primary dendrites and the bulk of branching occurred 
between the 3
rd
-5
th
 orders.  In WT, branching patterns were similar between weeks 2-5, with 
some cells branching up to the 9
th
 order. In contrast, math5-nulls branched up to the 13
th
 order 
and the branching pattern between different age groups was not conserved.   
Compared to WT, there was no significant difference in the total number of branches 
during the first week in math5-nulls (Fig. 9B).  However, a close examination of their branching 
patterns revealed that math5-nulls had increased numbers of 6
th
 order branches (Fig. 10; n=8 
WT, 1.0±0.4 vs. n=8 math5 null, 4.0±0.9; Student’s t-test, p<0.01).  Moreover, math5-nulls 
showed significantly higher numbers of branches during the second postnatal week (Fig. 9B; n= 
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9 WT, 99.7±6.9 vs. n=15 math5-null, 126.5±5.6; Student’s t-test, p<0.01).  These differences 
were mainly due to sprouting of higher order dendrites, where math5-nulls had significantly 
more 6
th
 -10
th
 order dendritic segments (Fig.10; Student’s t-test, branch orders 6-8 p<0.0001, 
branch orders 9-10 p<0.01).  Math5-nulls underwent a loss of higher order dendrites, so that by 
the third and fourth postnatal weeks there were no differences in the total numbers as well as 
branching patterns compared to WT (Fig. 8B, 9). However, by the fifth postnatal week, relay 
cells had significantly fewer 2-4 order dendritic segments (Fig. 10; n= 5 WT vs. n=4 math5-null; 
Student’s t-test, branch orders 2-4 p<0.05). 
Taken together, these analyses showed that the increased dendritic surface area seen in 
math5-nulls during the second postnatal week can be explained by exuberance in dendritic 
branching, especially among higher order segments.  Furthermore, the reduction in dendritic 
surface area seen during the fifth postnatal week is due to a reduction in dendritic field as well as 
a continued loss of dendritic branches. 
 
Relay cell class specificity and location 
 Recently we showed that relay cells can be divided into three classes that have distinct 
dendritic architecture and strong regional preferences in dLGN (see Appendix I- Krahe and El-
Danaf et al., 2011, submitted; El-Danaf and Krahe et al., 2009). Y-cells were found to have 
radially oriented dendritic trees and resided in a central band parallel to the optic tract. W-cells 
had a hemispherical morphology and were located along the dorso-ventral borders of the 
nucleus. Finally, X-cells had a bi-conical morphology and were preferentially situated in the 
monocular segment of the dLGN. This was done using a Sholl ring analysis where the dendritic 
field of every neuron was divided into equidistant regions through five concentric rings centered 
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on the soma, and where the fifth circle would comprise all but the tips of the most distal 
dendrites.  Two perpendicular lines passing through the soma divide these rings into two planes. 
The total number of dendritic processes intersecting each ring was counted for each one of these 
planes.  For every cell, a dendritic orientation index (DOi) was calculated by dividing the 
maximum number of intersections in one axial plane versus the other. DOi was then used to 
perform a k-clustering analysis. Distributions of DOi formed three distinct clusters. Cells with 
DOi between 0-0.49 had a bi-conical morphology (X-like); those with values between 0.50-0.79 
had hemispheric profile, while those between 0.80-1.0 were radially symmetric. For each one of 
these clusters, the relative location of all the cells within the dLGN was determined.  For further 
details see Appendix I-Krahe and El-Danaf et al., 2011, submitted (El-Danaf and Krahe et al., 
2009). 
 Using the same approach, the dendritic architecture of 42 relay cells in math5-nulls was 
analyzed.  Similar to WT, DOi revealed that relay cells in math5-nulls clustered into three groups 
that had dendritic architecture similar to X-, Y- and W-cell classes in WT. A total of 13 cells 
were classified as Y- cells, 13 as X- cells and 16 as W- cells.  Figure 11A depicts representative 
examples of the three morphological groups, and show that in the absence of retinal innervation 
relay cells seem to maintain their morphological identity.  As shown in figure 11B, an 
examination of the location of these cells within the dLGN revealed that Y- and W-cells seemed 
to retain their regional preference with Y-cells residing in a central band throughout the nucleus, 
and W-cells along the dorso-ventral borders of the dLGN.  In contrast to WT, X- cells were 
found in a dorso-medial region of the dLGN that extended well beyond the monocular segment.   
 
 
25 
Structural organization of the dLGN   
So far, the focus has been directed on cellular morphology.  However, there is evidence 
of potential trophic support provided by retinal axons, which can have a more global effect in 
dLGN development including cytoarchitecture, size and cell density (Heumann and Rabinowicz, 
1980; Williams et al., 2002).  For this, we used nissl stain to delineate the boundaries of dLGN 
and surrounding nuclei, as well as to get estimates of cell numbers.  Area measurements were 
obtained by identifying the border of dLGN in 2-4 consecutive 70 µm thick sections through the 
middle of the nucleus.  A total of 51 sections of dLGN in WT and 79 sections in math5-nulls 
ranging between P2-35 were analyzed.   
In WT, there was a 3-fold increase in dLGN area between postnatal weeks 1-3 (Fig.12; 
n=33 week1, 10.8x10
4
 µm
2
 vs. n=7 week3, 31.2x10
4
 µm
2
; Temhane post hoc test, p<0.0001), but 
then remained the same through the fifth week (n=4, 31.1x10
4
 µm
2
).  In math5-nulls, the dLGN 
and surrounding nuclei were readily apparent.  The dLGN area peaked by the third postnatal 
week (n=35 week1, 8.9x10
4
 µm
2
 vs. n=8 week3, 15.2x10
4
 µm
2
; Bonferroni post hoc test, 
p<0.0001).  Between weeks 3-5 dLGN area decreased, so that by the fifth week it measured 
11.8x10
4
 µm
2
 (n=7, Bonferroni post hoc test, p<0.01).  Compared to WT, math5-nulls showed 
roughly a 50% reduction in overall size, and dLGN was significantly smaller in area throughout 
all studied age groups (Student’s t-test; weeks1, 3-5 p<0.0001; week2 p<0.01).    
Cell density counts were calculated from a 100 µmx100 µm region of interest that was 
selected from the center of each representative dLGN section (Fig. 12A, 13A).  Measurements 
were restricted to neurons in which the soma and nucleus were clearly delineated.  A total of 19 
dLGN sections were examined in WT (P7-P35) and 38 sections in math5-nulls (P5-35).  In WT, 
cell density remained stable with no significant changes occurring throughout the studied period 
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(Fig.13; 25-32 cells/10
4
 µm
2
; one-way ANOVA, F=2.723, p=0.072).  In math5-nulls, there was 
roughly a 37% reduction in cell density between weeks 1-3 (n=4 week1, 58.0±1.9 cells/10
4
 µm
2
 
vs. n=7 week3, 36.1±1.4 cells/10
4
 µm
2
; Bonferroni post hoc test, p<0.0001).  Between weeks 3-
5, cell density exhibited no significant change (n=9 week5, 33.4±1.2cells/10
4
 µm
2
;
 
Bonferroni 
post hoc test, p=1).  Since dLGN area was similar between weeks 1 and 5 in math5-nulls, the 
reduced cell density might reveal a cell loss, whether this is due to lack of retinal innervation or 
perhaps some delay in programmed cell death remains to be answered.  Compared to WT, cell 
density was significantly higher in math5-nulls in all age groups, except at week 4 (n=4 WT, 
30.62±1.5 cells/10
4
 µm
2
 vs. n=6 math5-null, 32.8±1.5 cells/10
4
 µm
2; Student’s t-test, p=0.43).  
Such increase may simply reflect the overall smaller dLGN size in math5-nulls which would 
perhaps indicate an overcrowding of dLGN cells.  
    
Functional characteristics of relay cells of dLGN in math5 null    
 The intrinsic membrane properties of relay cells in math5-nulls were also examined by 
conducting in vitro whole cell recordings prior to filling them with biocytin (Fig. 1).   Square 
wave current pulses of varying duration and intensity were delivered through the recording 
pipette (e.g. ± 0.01 nA, 1000 ms, 0.0025 nA increments), and the resulting voltage responses 
were obtained.  These current step protocols were used to examine both passive and active 
membrane properties for a total of 135 relay cells ranging between P4-41 in math5-nulls, and 
were compared to previous recordings done in our lab (Dilger et al., 2011) and by others 
(Macleod et al., 1997).  Examples of voltage responses to current steps and I-V relations are 
shown in figure 14 (WT) and figure 15 (math5-nulls).  The intrinsic membrane properties of WT 
and math5-nulls are summarized in table 1.   
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 The passive membrane properties that we examined included: resting membrane 
potential, input resistance and tau (τ). The resting membrane potential in math5-nulls was similar 
to WT (Table.1; <P14: n=54 WT, -52.2± 1.5 mV vs. n=73 math5-null, -61.4± 0.8 mV) and 
(≥P14: n=62 WT, -61.4±2.4 mV vs. n=62 math5-null, -59.7± 2.2 mV).  As in WT, math5-nulls 
showed a similar decrease in input resistance with age. In both cases, data can be fit to a single 
exponential curve (Fig. 16A; r=0.67 WT; r=0.74 math5-null). However, input resistance was 
significantly higher in math5-nulls (Fig 16A; <P14: n=28 WT, 653.6 ± 66.2 MΏ vs. n=68 
math5-null, 1254.4 ± 51.0 MΏ; Student’s t-test p<0.0001) and (≥P14: n=34 WT, 365.4 ± 35.3 
MΏ vs. n=63 math5-null, 539.5 ± 24.2 MΏ; Student’s t-test p<0.0001). These differences can be 
in part explained by the reduced soma area seen in math5-nulls (Fig. 7B).  
 In WT, τ remained relatively stable with age (Fig. 16B; linear regression, n=51, r=0.26), 
but showed a significant reduction in math5-nulls. The data can be fit to a single exponential 
curve (n=61, r= 0.75).  In both age groups, math5-nulls had a significantly shorter τ compared to 
WT (Table.1; Fig. 16B; <P14: n=23 WT, 44.0 ± 2.9 ms vs. n=20 math5-null, 35.9 ± 2.4 ms; 
Student’s t-test, p<0.05) and (≥P14: n=28 WT, 38.2 ± 2.6 ms vs. n=41 math5-null, 21.3 ± 1.2 ms, 
Student’s t-test, p<0.0001).  These results might reflect smaller dendritic arbors that we observed 
in math5 nulls (Fig.7A, 8).    
 We also examined the active membrane properties of relay cells and these included: LTS, 
Ih, IA, and Na
+
 spikes (Figs. 14, 15).  Indeed many of the voltage-gated conductances noted in 
WT were also present in math5-nulls and their incidence prior to and after P14 is reported in 
table1.  Activation of these membrane properties is apparent in their I-V plots (Fig. 15).  Note the 
non-linearity in their I-V relations.  For example, at hyperpolarized membrane potential, there is 
an inward rectification due to a large depolarizing sag in the voltage response, which is mediated 
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by the activation of the mixed cation conductance (Ih). At more depolarized levels, we noted an 
outward form of rectification which is likely due to the activation of IA, which is mediated by a 
K
+
 current and causes a delay in the firing of action potential.  In addition, the termination of 
membrane hyperpolarization caused a rebound low-threshold calcium spike (LTS), which was 
found in nearly all the cells and is noted by a large triangular depolarization.  With age, LTS is 
capable of stimulating a burst of action potentials that ride on top of this triangular 
depolarization. We also examined the firing properties of relay cells.  Increasing levels of 
membrane depolarization lead to a train of Na
+
 spikes.  These spikes are relatively immature 
early on, but their duration at half-height is reduced with age (Table.1; <P14: n=57 WT, 1.6±0.2 
ms vs. n=49 math5-null, 2.7±0.1 ms) and (≥P14: n=62 WT, 0.9±0.2 ms vs. n=41 math5-null, 
1.5±0.1 ms). The change in spike duration can be fit to a single exponential curve (Table1; 
Fig.17; n=92, r=0.76). The amplitude of Na
+
 spikes is established early and remained unchanged 
with age    
 Repetitive firing characteristics of relay cells in the math5-nulls were also investigated. 
This was done by injecting depolarizing current pulses with varying intensities.  Representative 
examples from the responses of 2 relay cells at P10 and P27 are depicted in figure 18.  Firing 
frequency increased with membrane depolarization.  For every relay cell, the slope of firing 
frequency relative to current intensity was measured and showed that these are established early 
and are sustained with age (Fig. 17C; n=78, r=0.22).  As previously indicated, relay cells show a 
delay in firing of action potential in response to a depolarizing current.  This latency to spike 
firing is also established at early ages and remained constant with age (Fig. 17C; n=78, r=0.03), 
and it decreased with increasing current intensity.  Finally, relay cells exhibited frequency 
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adaptation to spike firing indicated by an increase in the interspike interval, which is mediated by 
various K
+ 
currents (Fig. 17AB, far right panels). 
Overall, these observations indicate that the development of the intrinsic membrane 
properties of relay cells is largely unaffected by the absence of retinal innervation.  This could 
suggest that the expression and perhaps the maturation of these conductances occur independent 
of retinal input.  
 
Corticogeniculate innervation in Math5-null 
Timing and pattern of innervation 
 Whether the lack of retinal innervation affects the development of other circuits in the 
dLGN remains unanswered.  One of the largest projections to dLGN arises from layer VI of 
visual cortex (Bickford et al., 2010).  Here, we examined the corticogeniculate pattern of 
projection in the dLGN of math5-nulls by crossing them with the golli-τ-GFP transgenic mouse 
(Jacobs et al., 2007).  In the latter, corticofugal projections arising from layer VI are labeled with 
GFP, whose expression is under the control of the golli promoter element of the myelin basic 
protein gene.  Mice heterozygous for the math5-null allele (math5
-/+
) exhibit no retinal defects 
(Wang et al., 2001).  Therefore, littermate pups that were heterozygous for the math5-null gene 
(math5
-/+
/ golli-τ-GFP) served as controls.  Eye injections of CTB were also made to confirm that 
math5-nulls lacked retinogeniculate projections but they were maintained in controls (Fig. 19).  
At P14 and P21 both math5-null crosses and littermate controls showed a dense plexus of 
corticogeniculate terminals throughout the entire dLGN.  Similar to golli-τ-GFP transgenics, the 
ventral lateral geniculate nucleus (vLGN) failed to receive input from layer VI of cortex (Fig. 
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19). Taken together, these results suggest that target selection occurs independently of retinal 
innervation. 
The development of these inputs was further analyzed by outlining the dLGN and 
measuring the spatial extent of corticogeniculate projections at different postnatal ages.  The 
progression of innervation in littermate controls was similar to that observed in golli-τ-GFP 
transgenics (Seabrook et al., 2010).  Therefore, the values reported in figure 19 here have been 
merged.  In these controls, cortical axons arrived at the ventromedial border of the dLGN at P2, 
entered at P4 and innervated the dLGN over the course of the next two weeks. For example, at 
P10 about 84.8 ± 0.75% (n=7) of dLGN was innervated by corticogeniculate projections.  By 
P14 the dLGN was fully innervated (n=11, 92.2±0.52%).  In math5-nulls, cortical axons arrive at 
the border of dLGN around the same time (P2) as in controls. However, the rate at which these 
axons innervate the dLGN was greatly accelerated.  At P3, there was roughly a 4-fold increase in 
the percent area occupied by cortical axons (n=9, 26.04 ± 2.91%) compared to controls (n=8, 
5.92%±0.72).  At P7, 75.47±3.68% (n=4) of the area of the nucleus was occupied by cortical 
axons and reflected about a 1.5-fold difference compared to controls (n=7, 49.54 ± 6.40%). The 
spatial extent at P7 cannot be attributed to a smaller size of dLGN, since at this age the area of 
dLGN was similar between math5-nulls (0.115 ± 0.003 mm
2
) and controls (0.123 ± 0.004 mm
2
).   
By P8-9 innervation was complete roughly a week earlier than controls.  Patterns of innervation 
for both controls and math5-nulls could be fit to a sigmoidal curve (controls: n=142, r=0.99, 
math5-nulls: n= 44, r=0.99).  However, the slopes were significantly different (m=4.98 WT; 
m=3.23 math5-nulls).  These results suggest that the accelerated rate of corticogeniculate 
innervation is controlled by signals derived from the retina.     
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Function of corticogeniculate axons 
 Finally, we tested whether the structural innervation is accompanied by functional 
patterns of connectivity between relay cells and corticogeniculate axons.  For this we made use 
of a parasagittal slice in which corticogeniculate connections to dLGN were preserved (Turner, 
and Salt, 1998; Seabrook et al., 2010; Krahe and Guido, 2011).  Corticogeniculate fibers were 
electrically stimulated by placing a bipolar stimulating electrode on the internal capsule, and 
evoked synaptic responses were recorded from individual dLGN relay cells in the whole cell 
patch clamp mode.  We also assessed whether synaptic responses showed the characteristic 
facilitation by using different paired-pulse (PP) protocols in which the interstimulus intervals 
were systematically varied (ISI; 100-1000 ms).  Paired-pulse ratios (PPR) were calculated by 
dividing the amplitude of the second evoked excitatory post synaptic potential (EPSP) by the 
first one. 
  Electrical stimulation of corticogeniculate axons evoked robust EPSPs in dLGN neurons 
(Fig. 20, left panel).  Moreover, paired-pulse facilitation was observed at both P8 and P14, which 
was similar in magnitude to values reported in golli-τ-GFP transgenics (Fig. 20, right panel).  We 
were able to vary ISI at P14, and found that the greatest degree of facilitation was noted at 100 
ms with a PPR of 2.15±0.45, as in golli-τ-GFP transgenics (PPR= 2.45±0.18; Fig. 20; Seabrook 
et al., 2010).  After 300 ISI, facilitation was barely detectable with PPR values ranging between 
0.98-1.3.  These results confirm the electron microscopy analysis suggesting that the RSD 
profiles that we observed are likely of cortical origin (Fig. 5). Taken together, these results show 
that the loss of retinal innervation does not affect synapse formation between cortical axons and 
relay cells.    
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Figure 1 
3-D reconstruction of biocytin filled relay cells recorded in an acute thalamic slice 
preparation.  
A. DIC image of a thalamic slice preparation containing dLGN.  Shown is a patch electrode 
filled with biocytin.  B. High power DIC image of the same slice showing somas of relay cells 
with patch pipette in whole cell patch mode.  Current injection protocols were used to fill cells 
and examine their intrinsic membrane properties. C. Slices were fixed overnight, and then were 
washed with 0.1% solution of Alexa Fluor 647 conjugated streptavidin. Labeled sections were 
initially visualized with an upright epi-fluorescence microscope to select cells that were suitable 
for 3-D confocal imaging. Fluorescent image of the P6 biocytin labeled relay cell shown in (B).  
D. Sequential series of optical slices taken by confocal microscopy of a P15 dLGN neuron. Step 
size through the Z-axis is 0.48 µm.  E. Maximum intensity projection image of the 3-D rendered 
neuron.  Scale bar = 50 μm 
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Figure 2 
Math5 expression in retina and dLGN of WT mouse. 
RT-PCR showing the expression of math5 in WT retina and dLGN at different embryonic (E) 
and postnatal (P) ages. Math5 expression is developmentally regulated in the retina appearing 
embryonically, continuing through birth, but is absent in the adult.  Note the absence of math5 
expression in the dLGN at all studied ages.  
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Figure 3 
Anterograde labeling of retinal ganglion cells in the retina and central visual targets.   
The anterograde tracer CTB conjugated to different Alexa fluor dyes was injected in the eyes of 
a P48 math5-null and several retino-recipient structures were examined (488: green, left eye; 
594: red, right eye). A.  Cryostat section through the retina of math5-nulls showing the different 
cellular layers with DAPI staining (left panel; ONL: outer nuclear layer; INL: inner nuclear 
layer; GCL: ganglion cell layer) and CTB labeling (green, middle panel).  Far right: merged 
image (DAPI: blue; CTB: green).   Note the faint GCL, as well as the absence of CTB labeled 
retinal axons. B-C. Coronal sections of the suprachiasmatic nucleus (SCN: top row) and dLGN 
(bottom row) from WT (far left panel) and math5-nulls (right panel).  In WT, projections from 
both eyes are intermingled in SCN.  While in dLGN, ipsilateral projections (red) terminate in the 
anterior medial sector of the nucleus occupying 10-15% of the area of the nucleus, whereas 
contralateral projections (green) occupy 85-90% of the territory in dLGN.  Note the absence of 
CTB labeling in math5-nulls. High power images also failed to reveal any CTB labeling (data 
not shown).  Dashed lines delineate the borders of dLGN and SCN.  Scale bar= 200 m. 
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Figure 4 
VGluT2 immunoreactivity in the dLGN of WT and math5-nulls.  
Coronal sections of dLGN showing the staining pattern of the retinal terminal marker vesicular 
glutamate transporter 2 (VGluT2). Images were photographed with an upright fluorescent 
microscope.  Note that there was almost a complete absence of VGluT2 immunoreactivity in P14 
math5-null (middle column) compared to age matched WT (first column).  Moreover the level of 
expression in math5-nulls was similar to that observed after a 7 day binocular enucleation (last 
column). Dashed lines delineate the border of dLGN.  Scale bar= 200 μm.   
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Figure 5 
Ultrastructural examination of dLGN in WT and math5-nulls. 
Electron microscopy images revealing the ultrastructure of dLGN in WT (Top panel) and math5-
nulls (bottom panel).  In WT, terminals corresponding to retina (RLP: Round, Large, and Pale), 
cortex and brainstem (RSD: Round, Small, and Dark) were present.  No RLP profiles were found 
in math5-nulls, whereas RSDs were readily detected.  Note the presence of round, large and dark 
terminals (RLD) in math5-nulls, which were not observed in WT.  Dotted lines delineate each 
identified synaptic profile.  Scale bar= 2 µm.  
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Figure 6 
Biocytin filled relay cells in dLGN of math5-nulls. 
Maximum intensity projection images of reconstructed relay cells arranged by postnatal age in 
math5-nulls. Three-dimensional reconstructions were done using a multi-photon/confocal laser 
scanning microscope.  Targeted neurons were imaged with a C-Apochromat 40x (1.2 n.a) water 
immersion objective lens, and 3-D datasets were compiled from a sequential series of optical 
slices with a step size through the Z-axis of 0.48-0.58 μm.  3-D rendered Z-stack datasets were 
analyzed using Volocity software (Improvision).  Scale bar= 58 μm.  
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Figure 7 
Analysis of dendritic and soma surface area for relay cells in WT and math-nulls 
Left panel:  scatter plots of surface area (SA) as a function of age in WT (black, n=69) and 
math5-nulls (red, n=55). Each dot represents a single relay cell. Right panel:  line plots 
representing mean SA ±SEM as a function of postnatal week. Asterisk (*) indicates statistical 
significance between WT and math5-nulls (t-test, p<0.05). A. In WT, there was a significant 
increase in dendritic SA between weeks 1-3, and SA stabilized thereafter. In math5-nulls, 
dendritic SA peaked by week 3 but then it was reduced in weeks 4-5.  During week 2, dendritic 
SA was significantly higher in math5-nulls, but was smaller than WT in week 5.  B.   Soma SA 
remained constant throughout postnatal weeks 1-5 in WT.  In math5-nulls, a peak in soma SA 
was apparent at week 3, with a significant reduction observed in week 5.  Overall, soma SA in 
math5-nulls was significantly smaller than WT.   
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Figure 8 
Analysis of dendritic field for relay cells in WT and math5-nulls.  
Left panel: scatter plot showing dendritic field, defined as the 3-D space occupied by dendrites of 
a single cell, at different ages in WT (black, n=82) and math5-nulls (red, n=58).  Each dot 
represents a single relay cell.  Right panel: line plots depicting mean dendritic field ±SEM as a 
function of postnatal week.  Statistical significance between corresponding age groups in WT 
(black) and math5-nulls (red) is denoted by (*, t-test, p<0.01).  In WT, dendritic field increased 
significantly between weeks 1-3 and showed no changes afterwards.   Note that WT and math5-
nulls had similar field dimensions during weeks 1-4. By week 5, math5-nulls were significantly 
smaller than their age matched WT counterparts.     
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Figure 9 
Analysis of dendritic complexity of relay cells for WT and math5-nulls. 
A. Schematic depicting the centrifugal method employed for assessing dendritic complexity.  
This was done by counting the total number of dendritic segments as well as defining their 
branch order.  Primary order dendrites (1º) were those that stemmed from the soma, and 
subsequent branching was identified as an increasing order (2º, 3º, 4º, etc.).  B. Left panel: scatter 
plot of the total number of dendritic branches as a function of age in WT (black, n=40) and math- 
nulls (red, n=51). Each dot represents a single relay cell. Right panel: line plots of the mean 
number of branches ±SEM as a function of postnatal week.  Statistical significance between 
corresponding age groups in WT (black) and math5-nulls (red) is indicated by (*, t-test, p<0.05). 
Note the exuberant branching in math5-nulls during week 2. C.  Line plots depicting the mean 
number of branch points±SEM as a function of branch order at different postnatal weeks in WT 
(right panel) and math5-nulls (left panel).  Branching patterns were conserved between weeks 2-
5 in WT, whereas in math5-nulls it was highly variable.  Note the increased branching in week 2.   
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Figure 10 
Analysis of dendritic branching patterns of relay cells for WT and math5-nulls. 
Branching patterns are compared between WT (black line) and math5-nulls (red line) at different 
postnatal weeks. Statistical significance is denoted by (*, t-test: week 1, p<0.01; week2, branch 
orders 6-8, p<0.0001 and branch orders 9-10, p<0.01; week 5, branch orders 2-4, p<0.05) and 
error bars depict ±SEM.  In both groups, relay cells had 6-7 primary dendrites, with the bulk of 
branching occurring between 3
rd
-5
th
 orders. Some cells branched up to the 9
th
 order in WT.  By 
contrast, branching order was as high as 13 in math5-nulls.  During week 1, math5-nulls had 
increased numbers of 6
th
 order branches. During week 2, math5-nulls had more of the 6
th
-10
th
 
order segments.  During weeks 3-4, branching patterns were similar in WT and math5-nulls.  
Whereas in week 5, math5-nulls had reduced numbers of 2
nd
-4
th
 order branches.  
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Figure 11 
Cell class specificity and corresponding regional preferences in dLGN of math5-nulls. 
A. Maximum intensity projection images of 3D rendered relay neurons in math5-nulls showing 
that the three morphologically identified cell classes in WT were present in these mutants. Left 
panel: Y-cells have radially oriented dendritic arbors.  Middle panel: W- cells have a 
hemispherical morphology.  Right panel: X- cells have a bi-conical morphology. Scale bar=58 
μm.  B. Scatter plot depicting the location of relay cells in the dLGN of math5-nulls.  Dashed 
lines represent superimposed coronal slices (300 µm thick) delineating the outlines of dLGN. 
Colors depict identified cell types (Y: green; W: blue, X: red).  Y- and W- cells seemed to retain 
their regional preferences in math5-nulls, where Y- cells were located in central band throughout 
the nucleus,  and W- cells formed a shell around the dorso-ventral border of the dLGN.  
However, X-cells extended well beyond the monocular segment.  For WT comparison, see 
Appendix I- Krahe and El-Danaf et al., 2011, submitted. 
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Figure 12 
Analysis of dLGN area in WT and math5-nulls. 
A. Coronal sections of dLGN stained for nissl at different postnatal weeks in WT (top row) and 
math5-nulls (bottom row).  In math5-nulls, dLGN boundaries were well delineated; however the 
nucleus was highly reduced in size compared to WT. Asterisk displays the 100 µmx100 µm 
region where cell density counts were made (see fig. 13; vLGN: ventral lateral geniculate 
nucleus).  B. Left panel: scatter plot showing dLGN area as a function of age in WT (black, 
n=51) and math5-nulls (red, n=79).  Each dot represents a single dLGN section.  Right panel: 
line plots describing mean dLGN area ±SEM as a function of postnatal week.  Statistical 
significance between corresponding age groups in WT (black) and math5-nulls (red) is 
demonstrated by (*, t-test: weeks 1, 3-5 p<0.0001; week2 p<0.01).  In WT, there was a 
significant increase in dLGN area between weeks 1-3, but was stable in weeks 3-5.  In math5-
nulls, dLGN area peaked by week 3, but showed significant reduction between weeks 3-5.  
Compared to WT, dLGN was significantly smaller in area throughout all studied age groups in 
math5-nulls.  Scale =200 μm.
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Figure 13 
Cell density measurements in dLGN of WT and math5-nulls 
A. Cell density counts were calculated from a 100 µmx100 µm region of interest that was 
selected from the center of representative nissl stained dLGN sections in WT (top row) and 
math5-nulls (bottom row) at postnatal weeks 1-5 (see fig. 12). B. Left panel: scatter plot showing 
cell density as a function of age in WT (black, n=19) and math5-nulls (red, n=38).  Each dot 
represents a single dLGN hemisphere.  Right panel: line plots describing mean cell density as a 
function of postnatal week.  Statistical significance between corresponding age groups in WT 
(black) and math5-nulls (red) is demonstrated by (*, t-test, p<0.05) and error bars depict ±SEM.  
In WT, cell density counts showed no significant changes with age.  In math5-nulls, there was a 
significant reduction in cell density between weeks 1-3, but remained constant between weeks 3-
5.  Compared to WT, cell density was significantly higher in math5-nulls in weeks 1-3, 5.  Scale 
=20 μm. 
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Figure 14 
Active membrane properties of relay cells in WT.  
Examples of voltage responses to current injections and I-V relations of relay cells in WT mouse. 
As early as week 1, hyperpolarization elicited a large depolarizing sag mediated by the mixed 
cation conductance (Ih). A low threshold Ca
2+
 spike (LTS) was observed after termination of 
hyperpolarization.  High and sustained depolarization elicited a train of action potentials.  
However, with age, there was an emergence of outward rectification (IA) which caused a delay in 
the firing of action potential, as well as spike frequency accommodation, both of which were 
observed during week 3. Far right panel:  I-V relations that correspond to cells shown in left 
measured at steady state.  Note the difference in the slope between weeks 1 and 3, which can be 
explained by reduction in membrane resistance (see Fig. 16).  Also note the inward and outward 
rectification during hyperpolarization and depolarization which correspond to Ih and IA, 
respectively.              
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Figure 15  
Active membrane properties of relay cells in math5-nulls. 
Examples of voltage responses to current injection of relay cells in math5-nulls at postnatal 
weeks 1-5. Math5-nulls possess the full complement of membrane properties that are seen in 
WTs.  At week 1, hyperpolarization activated mixed cation conductance (Ih), low threshold Ca
2+
 
spike (LTS) and a train of Na
+
 spikes were observed. By week 3, burst firing (B) was evident, as 
well as the emergence of the outward rectifying K
+
 conductance (IA), and spike frequency 
accommodation. Far right panel:  I-V relations that correspond to cells shown in left (blue) 
measured at steady state and compared to values grouped by postnatal week (red).  Note the 
steepness of the slope during weeks 1-2, indicating high input resistance (Fig. 16).  Also note the 
presence of inward (during hyperpolarization) and outward (during depolarization) rectification 
that correspond to Ih and IA, respectively.  Overall, the development of the intrinsic membrane 
properties was spared in math5-nulls. 
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Table 1 
Intrinsic membrane characteristics of relay cells in WT and math5-nulls. 
A comparison of various active and passive membrane properties of relay cells between WT and 
math5-nulls at <P14 and ≥P14.  Resting membrane potential, spike height and spike duration in 
WT were compiled from Macleod et al. (1997) and are denoted by †, where the values reported 
for before and after P14 correspond to P6-15 and P16-35, respectively.  The remaining 
characteristics in WT were obtained from Dilger et al. (2011). The mean ±SEM and percent 
incidence of each property was calculated, and the total number of cells is indicated in 
parentheses.  Statistical significance between WT and math5-nulls is indicated by (*; means: t-
test, p<0.05; percent incidence: χ2 test). 
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Figure 16 
Passive membrane properties in WT and math5-nulls. 
A. Scatter plot showing changes in cell resistance by postnatal age in WT (left column, black, 
n=63) and math5-nulls (middle column, red, n=135). Each dot represents a single cell.  Input 
resistance decreased with age, and in both cases, data could be fit with an exponential curve 
(WT: r= 06.7; math5 nulls: r=0.74).  Right column:  bar graphs showing mean input resistance 
+SEM in WT (black) and math5-nulls (red) at <P14 and ≥P14. Asterisk denotes statistical 
significance (*, t-test, p<0.0001).  Overall, math5-nulls had higher input resistance compared to 
WT.  B. The decay constant tau (τ) was determined by a single exponential fit to a -0.01 nA 
current injection for the first 200 ms of recording.  In WT, τ was relatively stable with age (far 
left panel, black, n=51), but showed significant reduction in math5-nulls and data could be fit to 
a single exponential curve (middle panel, red, n=61, r= 0.75).  Far right panel: math5-nulls (red) 
had a significantly shorter τ compared to WT (black) prior to and after P14. Asterisk denotes 
statistical significance (*, t-test:  <P14, p<0.05; ≥P14, p<0.0001). 
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Figure 17 
Characteristics of action potential in math5-nulls. 
A.  Representative examples of Na
+
 spikes seen after membrane depolarization in math5-nulls at 
P5, 15, and 31.  B. Duration of spikes at half-height decreased with age and data could be fit with 
a single exponential curve (left panel, n=92, r=0.76). In contrast, amplitude was established early 
and remained constant with age (right panel, n=92, r=0.2).  In both scatter plots, each dot 
represents a single relay cell.  
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Figure 18 
Frequency and latency analysis of voltage responses to a wide range of current pulses that 
elicited action potential firing. 
A-B. Examples of repetitive firing characteristics in math5-nulls in response to increasing 
current intensity at P10 and P27 (top panels). Beneath each trace are plots describing different 
characteristics of action potential firing.  Far left column: Line plot depicting firing frequency as 
a function of current intensity, showing that frequency increased with membrane depolarization. 
Middle column: Line plot of latency as a function of current intensity.  Latency to spike firing 
decreased with increasing current intensity. Far right column:  Line plot of the interspike interval 
as a function of spike number at different current intensities.  Relay cells showed frequency 
adaptation to spike firing.  C. Scatter plots showing the slope of firing frequency as a function of 
current intensity (far left) and latency to spike firing by age (right column).  These characteristics 
were established early and remained constant with age.  Each dot represents a single relay cell 
(n=78).   
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Figure 19 
Spatial extent of corticogeniculate projections.  
A. Math5-nulls were crossed with the golli-τ-GFP mouse in order to visualize corticogeniculate 
projections arising from layer VI (Jacobs et al., 2007). Coronal sections of the dLGN showing 
cortical terminals labeled with τ-GFP (green) in math5-null crosses (bottom row) and age 
matched littermate controls (top row). Dashed lines delineate the border of dLGN (vLGN: 
ventral lateral geniculate nucleus).  Far right: insets depicting retinal projections labeled with 
CTB (Alexa Fluor 594).  Note the absence of CTB labeled retinal terminal fields in math5-nulls. 
B. Scatter plot illustrating the spatial extent of corticogeniculate axons in dLGN as a function of 
age in golli-τ-GFP and littermate controls (black) and math5-null crosses (red). Error bars 
represent ±SEM.  In both cases, data can be fit with a sigmoidal curve (r=0.99). In math5-nulls, 
innervation was highly accelerated (m=4.98 WT; m=3.23 math5 nulls). Values for golli-τ-GFP 
transgenics were obtained from Seabrook et al. (2010).  Scale = 200 μm. 
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Figure 20 
Functional connectivity of corticogeniculate terminals in math5-nulls.  
A. Synaptic responses recorded from relay cells evoked by stimulation of corticogeniculate 
afferents.  Paired-pulses were delivered with an inter-stimulus duration of 100 ms, and paired-
pulse ratios (PPR) were calculated.  Typically, corticogeniculate stimulation elicited facilitation, 
meaning that the amplitude of the second evoked EPSP was greater than the first one. Left panel: 
representative examples of paired-pulse facilitation seen after corticogeniculate axon stimulation 
at P8 and 14.  Right panel:  Scatter plot showing that the magnitude of paired-pulse ratio (PPR) 
in golli-τ-GFP transgenics (black) and math5-nulls (red) was similar.  Each dot represents a 
single relay cell.  B. Left panel:  examples of paired-pulse recordings at variable inter-stimulus 
intervals (ISI) at P14 in math5-nulls. Right panel:  Line plot showing the degree of facilitation as 
a function of ISI.  The highest degree of facilitation occured at an ISI of 100 ms in both golli-τ-
GFP transgenics (black) and math5-nulls (red). There was a progressive decrease in paired-pulse 
facilitation so that between ISI of 300 ms-1000 ms, PPR was roughly equal to 1.  Taken together, 
these results indicate that the formation of corticogeniculate synapses is spared in the absence of 
retinal innervation.  Values for golli-τ-GFP transgenics are obtained from Seabrook et al. (2010).   
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Discussion 
 
 In this study we characterized the development of relay cells in the dLGN. By adopting a 
loss of function approach utilizing the math5-null, we were also able to assess the manner in 
which growth and maturation of relay cells were affected by retinal innervation.  Finally, we 
assayed the patterns of corticogeniculate innervation by crossing math5-nulls with golli-τ-GFP 
transgenics.   
 
Development of relay cells in WT mouse 
 The development of mouse dLGN relay cells is summarized in figure 21.  We show that 
relay cells undergo two growth spurts.  The first one takes place at the end of the first postnatal 
week where cell class specificity and complexity are established.  This is reflected by a 2-fold 
increase in the total numbers of dendrites, mainly those belonging to higher order segments (Fig. 
9B, left panel).  Moreover, cell class specification was established as early as P7 a time where 
cells take on distinct and highly stereotypic morphology (see Appendix I- Krahe and El-Danaf et 
al., 2011, submitted). In fact, they resemble the dendritic architecture of well-known relay cell 
types identified in such animals as cats, ferrets and primates.  Perhaps, they are most similar to 
those reported in cat, for this reason we refer to them as X, Y and W (Friedlander et al., 1981; 
Stanford et al., 1981, 1983).  For example, X- cells have a biconical morphology with dendrites 
stemming from opposite directions of the soma.  Y-cells have radially symmetric dendrites that 
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branch out in all directions of the soma, and W- cells have hemispherical dendritic arbors (Fig. 
11A). Following the second week, branching patterns are stabilized and resemble adult-like 
profiles.  On average, relay cells have 6-7 primary dendrites, branch up to the 9
th
 order, with the 
bulk of branching occurring between the 3
rd
 and 4
th
 orders (Fig. 9C, left panel). The second 
growth spurt starts at the second week and continues through the third week, where there is a 
gradual increase in dendritic field and length (Fig. 8).  By the third postnatal week, relay cells 
exhibit roughly a 3-fold increase in their dendritic surface area, and their overall growth is 
stabilized (Fig. 7A).  By contrast, soma size showed no significant differences with age (Fig. 
7B).  During these first few postnatal weeks, the spatial extent of the dLGN also increases.  
There is a 3-fold expansion in the area of dLGN that stabilized by the third postnatal week (Fig. 
12).  Moreover, cell density remains constant throughout this period, suggesting that 
developmental apoptosis occurs at earlier ages (Fig. 13; Heumann and Rabinowicz, 1980).  
Lastly, our results for dLGN area and cell density confirmed what has been previously reported 
in the mouse (Heumann and Rabinowicz, 1980; Jaubert-Miazza et al., 2005; Dilger et al., 2011).    
   Many of the changes reported here for mouse are similar to those found in the rat 
(Parnavelas et al., 1977).  For example, relay cells in the rat showed that their growth occurs in 
two phases.  An early one at P4-6, where there was a marked increase in dendritic complexity as 
well as a 2-fold increase in dendritic length.  The second growth spurt started at P14-15 and 
lasted until the end of the third postnatal week, where cells showed a remarkable increase in 
soma size and dendritic branching. Moreover, neurons that ranged from P20-35 were 
indistinguishable from adults.    Perhaps the most notable difference is that in the rat soma size 
grew progressively with age, whereas in mouse, while somata were variable in size, they failed 
to show systematic increase with age.  This is probably due to differences in the techniques 
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employed in the two studies, where in the rat the Golgi-Cox method was used to label neurons 
and assessment of cell body size were based on qualitative descriptions and not on quantitative 
measurements.  Conversely, our results were obtained from 3-dimensional reconstruction of the 
soma and dendritic processes. 
 Our findings suggest that there is an orderly relationship between dendritic maturation 
and retinogeniculate remodeling.  Perhaps, one of the first requirements is that some sort of 
semblance of dendritic architecture is needed so that synapses can begin to form in an orderly 
fashion.  In fact, perhaps dendrites serve as a template for remodeling.  In the mouse, the 
different stages of relay cell growth are concurrent with an active period of retinal innervation 
and remodeling.  RGCs provide the driver input to relay cells, and retinal axons arising from the 
contralateral eye reach the dLGN embryonically, whereas those originating from the ipsilateral 
eye arrive perinatally (Godement et al., 1984; Jaubert-Miazza et al., 2005).  Moreover, studies 
have shown that by birth retinogeniculate synapses are functional. For example, as early as P0-4, 
stimulation of RGCs axons elicit robust EPSPs in dLGN cells (Mooney, 1996). Moreover, at 
early ages, axons from both eyes are diffuse but refine to form completely segregated eye-
specific domains (Jaubert-Miazza, 2005; Guido, 2008).  The first growth spurt of relay cells 
which is marked by the establishment of cell class specification and dendritic complexity is 
coincident with the initial phase of course pruning of retinogeniculate terminals (Huberman, 
2007; Jaubert-Miazza, 2005).  Between P3-7, there is roughly 57% overlap between ipsilateral 
and contralateral axons.  However, between P8-10, there is a substantial recession of ipsilateral 
terminals so that only 18% of terminal area in the dLGN is shared between the two eyes.  
Pruning continues and by P14 retinal terminals are completely segregated into eye-specific 
domains.  During the period of axon segregation, changes in the patterns of retinogeniuclate 
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connectivity occur (Chen and Regehr, 2000; Jaubert-Miazza et al., 2005; see Huberman, 2007; 
see Guido, 2008).  Prior to eye opening, geniculate cells are binocularly innervated, and receive 
as many as 10 separate inputs from RGCs.  However, by P14-21 there is substantial pruning, 
synapse elimination, and the strengthening of the remaining inputs, so that cells receive just 1-3 
inputs.  This period of fine-scale functional refinement of retinogeniculate terminals occurs 
concurrently with the second phase of relay cells development which is indicated by an increase 
in dendritic field and length.  This is also the period when non-retinal sources of input start to 
emerge including corticogeniculate input from layer IV of cortex, cholinergic input from 
brainstem and inhibitory input from NRT and intrinsic interneurons (Ballesteros et al., 2005; 
Jacobs et al., 2007; Bickford et al., 2010; Seabrook et al., 2010). Finally, pruning of 
retinogeniculate terminals is followed by a period of fine-scale maintenance which coincides 
with a stable and mature dendritic profile.  Such observations are consistent with a recent study 
in the visual system of the Xenopus tadpole (Li et al., 2011). It was shown that immature 
retinotectal synapses were concentrated on dynamic dendritic branches, whereas mature 
synapses were found on stable dendrites. 
The closely linked development time-points between the maturation of retinogeniculate 
synapses and relay cells growth indicate that perhaps these events are interrelated. The idea that 
afferent input plays a role in the development of their recipient targets has been widely explored 
in many systems and provides the basis of the synaptotrophic hypothesis (Vaughn, 1989; 
McAllister, 2000; Cline and Haas, 2008).  Many studies demonstrated the mutual relationships 
between pre-and postsynaptic elements suggesting that similar scenarios could be present in the 
mouse dLGN as well.  Different experimental approaches were previously undertaken to explore 
the role of retinal input in the development of relay cells.  In these investigations, deafferentation 
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of retinal axons and activity blockade were used to eliminate retinal signaling (Brandes, 1971; 
Riccio et al., 1987; Sutton and Brunso-Bechtold, 1993; Dalva et al., 1994).  However, these 
manipulations were done after RGCs have already innervated the nucleus, and thus failed to 
prevent early interactions between retinal axons and relay cells dendrites.  Indeed, such nascent 
interactions could potentially have profound effects on dendritic morphology.  For example, 
growing processes sample their surroundings, and periodically form adhesive junctions.  This 
first step in largely mediated by adhesion molecules. A class of these molecules, N-cadherin, was 
found to play a role in synapse formation and dendritic tree stabilization in Drosophila olfactory 
system (Zhu and Luo, 2004).   Olfactory receptor neurons (ORN) communicate with their 
postsynaptic partners known as the second order olfactory projection neurons (PN).  In N-
cadherin 
-/-
 ORN, the refinement of olfactory projections neurons PN does not persist and their 
arbors become diffuse and dispersed within many glomeruli, thereby disrupting spatial odor 
maps. In the mouse, cadherins have been recently implicated in RGC axonal targeting to 
different subcortical regions, but their role in synapse formation remains largely unexplored 
(Osterhoust et al., 2011).   
Math5-null model 
 To eliminate retinal input to dLGN, we employed a genetic form of deafferentation from 
the time that RGCs are born and never leave the retina, by making use of math5-nulls.  In these 
mutants, retinal progenitors fail to differentiate into RGCs, and thus exhibit more than 95% cell 
loss (Wang et al., 2001; Brown et al., 2001; Moshiri et al., 2008).  More importantly, math5 is 
found almost exclusively in the retina (Brown et al., 1998).  While there have been some reports 
of math5 expression in central structures such as VCN and cerebellum, we showed that dLGN is 
devoid of math5 expression in perinatal and through adult ages (Fig. 2; Saul et., 2008).  
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Moreover, we confirmed that the few remaining RGCs fail to project and innervate central visual 
structures using a variety of techniques.  Typically, axons can be readily visualized by 
intravitreal injections of the anterograde tracer CTB.  In math5-nulls surviving RGCs were 
labeled but we failed to detect axonal labeling in SCN, dLGN or other retino-recipient targets 
(Fig. 3).  Our results are consistent with others who show absence of anterograde labeling in 
retino-recipient structures (Wee et al., 2002; Brzezinski et al., 2005).  Behavioral studies also 
confirm the lack of central projections, such as math5-nulls show no photic entrainment (Wee et 
al., 2002; Brzezinski et al., 2005). While this is limited to a subclass of RGCs and non-image 
forming structures, perhaps further tests that make use of visually evoked potentials would 
provide a more definite assay of image forming structures such as dLGN and visual cortex. 
Furthermore, we found the presence of very few puncta expressing VGluT2, which has been 
used as a presynaptic marker for retinal terminals in the dLGN.  However, such level of 
expression is similar to what has been previously reported in binocularly enucleated rats, 
suggesting that VGluT2 expressing terminals are of non-retinal origin such as the superior 
colliculus or axon collaterals of relay cells (Fujiyama et al., 2003; Bickford et al., 2008).  Finally, 
strong evidence supporting the absence of retinal terminals in the dLGN of math5-nulls was 
obtained from ultrastructural analysis at the electron microscopy level.  In WT, terminals of 
retinal origin are the largest in the dLGN (Rafols and Valverde, 1973; Sherman, 2005; Bickford 
et al., 2010).  In our limited sampling of electron microscopy sections we failed to detect any 
RLP profiles.  However, we noted the presence of RLD terminals.  These profiles were 
previously described in dLGN mice following enucleation, and in microphthamic and 
anophthalmic strains of mice (Cullen and Kaiserman-Abramof, 1976, Kaiserman-Abramof, 
1983; Winkelmann et al., 1985).  While these terminals do not arise from the retina, their origin 
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has been a great question of interest and still remains unresolved.  One possibility is that they are 
the result of compensatory response arising from the cortex or brainstem (Kaiserman-Abramof, 
1983).   Thus, it is our belief that the utilization of the math5-nulls will be one the first ways to 
directly test the relationship between retinal signaling and relay cells development.   
 
Development of relay cells in math5-nulls 
Thus, we sought to assess the development of dLGN relay cells in the absence of retinal 
innervation using math5-nulls. These results are summarized in figure 21.  Our morphological 
analysis revealed that the growth spurts dLGN relay cells are disrupted in math5-nulls.  Overall, 
relay cells exhibit smaller somata and fluctuations in dendritic complexity and field extent. For 
example, during the second week when branch complexity is established in WT, math5-nulls 
continue to grow additional branches that reach up to the 11
th
 order.  Such exuberant branching 
leads to a dramatic increase in dendritic surface area (Figs. 7, 9, 10, 21).  However, by the third 
week, these additional higher order branches are lost (6
th
-10
th
) and complexity is comparable to 
age-matched WT.  At the same time there is an expansion in dendritic field and length, so that 
during the third and fourth weeks, math5-nulls show comparable growth compared to WT (Figs. 
7, 8, 9, 10, 21).  Additionally, during the fifth postnatal week, relay cells exhibited a reduction in 
total surface area which is demonstrated by a reduction in their dendritic field, as well as loss of 
proximal dendritic branches (2
nd
-4
th
 order segments) (Fig. 7, 8, 11, 21).  
 In sum, we identified the following aberrations in relay cells dendritic development in 
math5-nulls: (1) - During the second week, dendrites exhibit exuberant increase in the total 
number of dendritic branching. (2)- This branching is not maintained and the additional dendritic 
segments are lost during the third week.  (3)- There is a continued decline in the number of 
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proximal dendrites as well as shrinkage and retraction of dendritic processes, leading to an 
overall reduction in dendritic surface area during the fifth week.     
This scenario is at odds with other reports that either employed enucleation or TTX to 
assess role of retinal signaling in relay cells growth.  While some have noted minimal changes in 
the growth patterns of relay cells, other studies showed no effect at all.  Early postnatal bilateral 
enucleation in ferrets resulted in a delay in the elimination of spine-like appendages (Sutton and 
Brunso-Bechtold, 1993).  There was also a report of a reduction in relay cell body size, which is 
consistent with our results.  While in the cat, relay cells of the dLGN exhibited high spine 
density after blockade of voltage gated Na
+
 channels with TTX (Dalva et al., 1994). In the rat, 
unilateral blockade of retinal activity through a long term treatment of TTX showed no change in 
relay cells morphology or branching patterns (Riccio et al., 1987).  Similar results were obtained 
in the mouse where monocular enucleation at birth had no effect on the growth of relay cells.  At 
P31, dendritic arborization in deafferented animals was indistinguishable from normal ones 
(Brandes, 1971). These discrepancies further underscore how enucleation and TTX fall short in 
this loss of function approach.  Additionally, the rodent studies were done at one time point, and 
have failed to uncover the early phase of abundant dendritic branching and the late phase of 
atrophy that we observed during the second and fifth postnatal weeks, respectively.     
It is important to note the extent to which our results conform to the synaptotrophic 
hypothesis.  Our results suggest that retinal innervation might be necessary for constraining and 
stabilizing the dendritic complexity of relay cells, by providing them with a framework for other 
connections. Moreover, retinal signaling is required for the continued maintenance of relay cells 
dendritic form. These findings are in agreement with the synaptotrophic hypothesis (Vaughn, 
1989; McAllister, 2000; Cline and Haas, 2008).  One of the major tenants of this hypothesis is 
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that dendritic processes sample their environment and extend into regions where prospective 
synaptic afferents are found (Vaughn et al., 1974, 1988).  The extensive dendritic branching that 
we observed in relay cells could be a compensatory response to the absence of retinal input. This 
branching could be an active process that dendrites engage in to seek synaptic partners.  By 
increasing their dendritic surface area, these neurons would potentially augment the likelihood of 
finding synaptic partners.  While exuberant branching was not apparent until the second 
postnatal week, a time that is well past the period when retinal axons normally invade and form 
synapses in dLGN (Godement et al., 1984; Mooney et al., 1996).  Such compensation to the loss 
of presynaptic input has been observed in many studies (reviewed in McAllister, 2000).  For 
example, dLGN neurons in neonatal ferrets were examined after blockade of NMDA receptors 
with APV antagonist (Rocha and Sur, 1995).  This treatment resulted in an increase in dendritic 
branching, dendritic field expansion, and an increase in the number of spine-like appendages.    
Another key element of the synaptotrophic hypothesis states that growing neuronal 
processes are stabilized after the establishment of synaptic junctions (Vaughn, 1989; McAllister, 
2000; Cline and Haas, 2008).  This idea is consistent with our findings since in the absence of 
retinal innervation, branching patterns of relay cells were not maintained.  There was rapid and 
continued loss of dendritic segments, as well as retraction and reduction in dendritic field, 
resulting in relay cells that were significantly smaller than WT age-matched counterparts.  These 
results suggest that RGCs provide trophic support that sustains the development of relay cells.  
Similar results were demonstrated in different brain structures following deafferentation 
including the cerebellum and VCN, the postsynaptic target of the auditory nerve fibers.  For 
example, Purkenje cells of the cerebellum attain their mature morphological form concurrently 
with the establishment of synaptic contacts with parallel fibers (see Sotelo and Dusart, 2000).  
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Various experiments, such as genetic mutations or X irradiation, have shown that loss of parallel 
fibers leads to dystrophic effects on Purkenje cells dendritic arbors, as well as defects in their 
dendritic orientation.  In another example, destruction of the cochlea hinders the growth and 
complexity of neurons in the VCN, such as cells had atrophied dendritic field, due to stunted 
growth of their branch tips (Trune, 1982).  In another deafferentation example, the axo-dendritic 
interactions were analyzed in the vestibular system of amphibians (Ambystoma mexicanum; 
Kimmel et al., 1977).  Mauthner cells (M-cell) developed without their vestibular supply, after 
the embryonic unilateral excision of the otic vesicle. This treatment was completed before the 
formation of dendrites and neuronal junctions, and it led to the complete loss of the vestibular 
ganglion and its fibers. As a result, M-cells’ deprived dendritic regions developed simpler and 
thinner arbors, with very few branches. 
Another result supporting a neurotrophic role of retinal innervation in the development of 
dLGN is apparent in examining the cytoarchitecture of the nucleus.  Although the boundaries of 
dLGN are well defined and could be readily delineated from adjacent nuclei, there was roughly a 
50% reduction in overall area compared to WT (Fig. 12).  Moreover, reduced soma size was 
apparent throughout the studied ages (Fig. 7B). Taken together, these results suggest that retinal 
innervation might provide trophic support for the induction and maintenance of the overall 
structural integrity of the dLGN.  Such trophic effect for retinal axons on the growth of relay 
cells has been previously described in anophthalmia and enucleation studies in mice, where 
increased cell death and smaller dLGN size have been reported (Cullen and Kaiserman-Abramof, 
1976; Heumann and Rabinowicz; 1980). Moreover, studies in ferrets have revealed that postnatal 
monocular enucleation leads to a reduction in the overall size and distortion in the shape of the 
dLGN (Williams et al., 2002). Such role could be mediated by BDNF (Cohen-Corry and Lom, 
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2004).  In the rat, it was shown that BDNF is employed by retinal afferents (Avwenagha et al., 
2006).  Other studies have also demonstrated that it is synthesized in the retina and can be 
transported anterogradely, and bind to their high affinity receptor tyrosine kinase (trkB) located 
on dLGN dendrites (Caleo et al., 2003; Menna et al., 2003; Avwenagha et al., 2006). Ablation of 
terminals in one eye, leads to a loss of BDNF immunoreactivity (Avwenagha et al., 2006).  
Moreover, both BDNF and trkB were associated with retinogeniculate terminals (Avwenagha et 
al., 2006).    
 There is some evidence that regional preferences of identified cell types were disrupted. 
In WT, Y- cells resided in a central band parallel to the optic tract, W- cells were located along 
the dorso-ventral borders of the nucleus, and X- cells were preferentially situated in the 
monocular segment of the dLGN (see Appendix I- Krahe and El-Danaf et al., 2011, submitted).   
In math5 nulls, Y- and W- cells are found in relatively similar regions, while X- cells extended 
more medially and well beyond the monocular segment (Fig. 11B).  Such positioning is very 
important for the assembly of parallel pathways.  There is an emerging evidence suggesting that 
different classes of RGCs terminate in distinct lamina in dLGN that correspond with the location 
of the dendritic fields of identified relay cells (Hattar et al., 2006; Huberman et al., 2008; Kim et 
al., 2008; Badea et al., 2009; Huberman et al., 2009; Siegert et al., 2009; Ecker et al., 2010; Kim 
et al., 2010; Kay et al. 2011; Rivlin-Etzion et al., 2011). Thus, retinal signaling may be important 
for the formation of these distinct parallel channels.   
 Even though dendritic growth was disrupted in math5-nulls, it is important to note that a 
number of morphological and physiological features were maintained.  For example, cell class 
specificity was largely unaffected.  This further indicates that RGCs are not required for the early 
differentiation of these neurons.  This is necessary to mention since cellular differentiation of 
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dLGN neurons starts at E10-13, and by E15 the nucleus is clearly visible with Nissl stain, at 
about the same time that RGCs axons are beginning to arrive (Angevine, 1970; Godement et al., 
1984; see Guido, 2008).  An assessment of the dendritic architecture of relay cells revealed that 
cell class specificity seems to be maintained in math5 nulls (Fig. 11A).  Relay cells fell into three 
categories that corresponded to the X-, Y- and W- cell types that we described in WT mouse (see 
Appendix I- Krahe and El-Danaf et al., 2011, submitted).  An examination of relay cells 
functional characteristics shows that they possess all the active and passive membrane properties 
that have been described in WTs (Fig. 14,15; MacLeod et al., 1997; Jaubert-Miazza et al., 2005; 
Dilger et al., 2011).  For example, cells are able to generate action potentials, show low-threshold 
calcium spike and burst responses, large “depolarizing sag” mediated by the hyperpolarization 
activated mixed cation (Ih) conductance, and the appearance of outward rectification mediated by 
depolarization activated K
+
 conductance (IA) that delays the firing of action potentials (Table, 1; 
Fig. 15).  However, some subtle changes were noted such as high input resistance and lower τ 
(Fig. 16).  These may simply reflect altered soma size and fluctuations of dendritic surface area.  
Taken together, this suggests that perhaps these characteristics of relay cells are mediated by 
other intrinsic or genetic cues that are unrelated to retinal input.   For example, the idea that the 
general form of neurons is programmed by intrinsic cues was tested in isolated cultures of 
neurons (reviewed in McAllister, 2000).  In these studies, the identification of specific types of 
neurons was possible, whereby the general dendritic characteristics were maintained.  Moreover, 
in other systems, transcription factors were discovered to play a role in determining many 
features of the dendritic architecture, especially in the case of Purkenje cells in the cerebellum 
(Sotelo and Dusart, 2009).  It is known that Purkenje cells dendritic arbors undergo several 
stages of remodeling before attaining their mature form.  The activation of the transcription 
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factor retinoid-related orphan receptor alpha (RORα) is essential for the induction of the early 
developmental phases. Thus our results suggest that the structure-function relations are 
maintained and perhaps are mediated by such elements.  However, the molecular basis of relay 
cells’ development is largely unknown and remains to be explored.  
 In sum, the elements that seem immune to the loss of retinal input included general 
morphological form and function, such as cell class specification and intrinsic membrane 
properties.  Furthermore, the time when dendritic branching and field expansion occur also 
seems to be maintained.   
 
Potential role of non-retinal input  
  Even though RGCs provide the driver input to relay cells, retinogeniculate terminals only 
comprise about 10% of the total synapses in dLGN (Bickford et al., 2010).  The overwhelming 
majority of input arises from non-retinal sources. These include glutamatergic input from layer 
IV of visual cortex, cholinergic input from brainstem, and inhibitory input from intrinsic 
interneurons and NRT.  In many systems, there is evidence to suggest that such input could 
contribute to the dendritic form and function of relay cells.  
 
Corticogeniculate innervation  
 Perhaps the largest input that relay cells receive arises from the feedback excitation of 
corticogeniculate afferents of layer VI of visual cortex (Bickford et al., 2010). These make up 
more than 50% of the total synaptic contacts in the mouse dLGN (Bickford et al., 2010).  In 
contrast to retinogeniculate afferents, detailed information pertaining to the course of 
corticogeniculate innervation to dLGN was lacking, until recently.  Seabrook et al. (2010) 
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addressed these issues by making use of the transgenic mouse model, golli-τ-GFP (Jacobs et al., 
2007).  The dLGN is the last thalamic nucleus to be innervated by cortical axons (Jacobs et al., 
2007).  Corticogeniculate projections arrive at the ventromedial border of the dLGN at P2, 
however they don’t invade the nucleus until P4, and innervation is not complete until P10-P14 
(Seabrook et al., 2010).  Electrophysiological analysis showed that these make functional 
synapses with relay cells at P7, but synaptic maturation is not attained until the third postnatal 
week (Seabrook et al., 2010). Interestingly, this study revealed that layer VI cortical axons do not 
invade the dLGN until retinal axons from both eyes had innervated the nucleus.  Moreover, 
corticogeniculate innervation is not complete until the segregation and refinement of retinal 
axons into eye specific domains is achieved (see Guido, 2008).  This timing is coincident with 
the second phase of relay cells growth and suggests that corticogeniculate connections might 
play a role in the elongation and maintenance of relay cells dendritic processes. Additionally, a 
trophic role for corticogeniculate connections has been reported (Schoups et al., 1995).  For 
example, in the rat, cortical infusion of the neurotrophic factors NT4-5 and NGF caused a 
dramatic increase in relay cells size. Furthermore, NT4-5 treatment was sufficient to speed up the 
growth of younger neurons, allowing them to mature at a faster pace.  
 While there is evidence of trophic support from cortex, it is not known if such role occurs 
independently of retinal innervation.  Moreover, it is not known if corticogeniculate innervation 
to dLGN is disrupted.  To test this, we crossed golli-τ-GFP transgenics with math5-nulls (Fig. 
19, 20). In the absence of retinal innervation, cortical innervation to dLGN occurs, and target 
selection is maintained.  However, the rate of innervation is highly accelerated and is complete 
by at least a week earlier than what occurs in WT.  Moreover, not only innervation occurs but 
also functional synapses are formed between corticogeniculate axons and relay cells.  
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Ultrastructural analysis revealed the presence of RSD profiles, and our in vitro recordings 
revealed that synapses are functional and responses are indistinguishable from WT (Fig. 5, 20).  
These findings suggest that retinal innervation plays a role in dictating the timing of cortical 
innervation to the dLGN, acting as a brake, when present input is delayed until after refinement.  
However, when absent, so called brake is released and corticogeniculate innervation occurs more 
rapidly. How this is accomplished remains unanswered.  Our results also suggest that cortical 
axons may contribute trophic support for sustaining relay cells growth, but a more specific role 
in regulating dendritic branching is unlikely.  Since the accelerated rate of innervation did not 
necessarily lead to a concomitant shift in relay cells growth.      
Cholinergic input 
 Another major source of excitatory input to dLGN arises from cholinergic afferents of the 
parabrachial region of the brainstem (Ballesteros et al., 2005).  This input is necessary for 
modulating the relay of visual information to cortex by changing the firing patterns of relay cells 
between tonic and bursting modes.   
Evidence supporting the role of cholinergic input in the maintenance and development of 
neuronal structures is found throughout the brain, and more specifically in the cortex (Sherren 
and Pappas, 2005).   Basal forebrain nuclei provide most of the cholinergic innervation to cortex.  
This innervation starts at birth, and mature patterns of innervation are attained by P16.  The 
implications of cholinergic deafferentation were studied in the visual cortex of the rat.   Early 
postnatal loss of cholinergic neurons was achieved through the infusion of the selective 
immunotoxin 192 IgG-saporin. This resulted in a reduction in cortical thickness, as well as a 
reduction in cell body size of pyramidal neurons.  These changes were also accompanied by a 
reduction in the number as well as spine density of apical dendrites.   
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In addition, cholinergic activity plays a major role in retinal development.  During the 
first postnatal week, cholinergic starburst amacrine cells are responsible for the generation and 
propagation of stage II spontaneous retinal waves (Huberman et al., 2008).  This activity is 
necessary for the refinement of retinogeniculate projections in the dLGN.   Acetylcholine 
released from starburst amacrine cells exerts its function on RGCs through the pentameric 
nicotinic receptors (nAChR).  These channels are made up for 12 different subunits, more 
specifically the β2 subunit was found to be implicated in the formation of waves (Bansal et al., 
2000).  Mice knockout for this subunit lack retinal waves during the first postnatal week. 
Moreover, RGCs exhibited a delay in the stratification and refinement of their dendrites.  
Another study in the developing chick retina demonstrated that increased levels of intracellular 
Ca
2+
 in RGC dendrites were mediated by nicotinic receptor transmission (Lohmann et al., 2002). 
This activity was necessary for stabilizing RGCs dendrites by preventing them from retracting.    
 In the dLGN of the mouse, there is an increase in the density of cholinergic acetyl 
transferase (ChAT) positive fibers with age, starting at P5 and through P12 (Ballesteros et al., 
2005).  At this time, cholinergic axons were found to form clusters marking the first evidence of 
synapse formation. Cholinergic terminals are found within triadic synaptic arrangements and 
along dendritic shaft of relay cells (Erisir et al., 1997; Bickford et al., 2010). As in the case of 
corticogeniculate terminals, cholinergic innervation to dLGN occurs after retinal fibers had 
innervated the nucleus.  Moreover, the location of these inputs on proximal dendrites and their 
proximity to retinal input suggests that cholinergic innervation might influence the maturation of 
dendritic arbors of relay cells.  However, the first cholinergic synapses occur after the 
completion of the two growth phases noted for relay cells.  This could suggest that this input is 
not needed for the induction but could play a role in stabilization and maintenance of dendritic 
90 
processes, since the presence of cholinergic synapses coincide with the period when we noted a 
dystrophic loss of dendritic branching and corresponding retraction in dendritic field and surface 
area.  In math5-nulls, there is evidence that this form of input is present in the dLGN through the 
presence of RSD profiles at the electron microscopy level. However, we were not able to 
distinguish whether these are of cortical or brainstem origin, and more analysis is required to 
confirm this (Fig. 5).   
 
Inhibition 
 Another form of connectivity in the dLGN arises from interneurons intrinsic to dLGN 
and neurons of the NRT (Bickford et al., 2010).  Both use γ-aminobutyric acid (GABA) as a 
neurotransmitter, and such input are necessary for sharpening retinal signals by influencing the 
gain of retinogeniculate transmission and help shaping the on/off antagonist center surround 
receptive field organization.  Inhibitory connections make up around 18% of total synapses in 
dLGN (Bickford et al., 2010). Mature GABAergic profiles are apparent at P14 and make 
synapses with dendrites of relay cells, comprising triadic arrangements.  Functionally, optic tract 
stimulation elicits inhibitory postsynaptic potentials in relay cells.  This form of connectivity is 
first apparent at P9 but does not reach full maturity until the end of the second postnatal week. 
This period coincides with the second growth phase of relay cells, suggesting a potential role of 
GABAergic elements in induction and maintenance of relay cells dendritic elongation.    
 Many studies have shown that GABA plays different roles in dendritic development and 
maintenance (reviewed in Belhage et al., 1998).  For example, prolonged extracellular infusion 
of GABA in the superior cervical ganglion of the rat had a profound effect on dendritic 
architecture of ganglion neurons.  This was manifested by an increase in the number of processes 
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as well as an increase in the number of postsynaptic membrane thickenings, which precede the 
establishment of synaptic contacts.  It was also shown that GABA is essential for neurite 
outgrowth and complexity in several brain regions, such as hippocampus, cerebellum and cortex.  
For example, neurite elongation was enhanced in cultures of cerebellar granular cells in the 
presence of GABA.  Moreover, blockade of GABA receptors in hippocampus or depletion of 
GABA in cortex prevent neurite outgrowth.   
 In different regions of the immature brain, such as hippocampus and hypothalamus, there 
is evidence that GABA activity elicits depolarization in postsynaptic neurons before switching to 
hyperpolarization (reviewed in Belhage et al., 1998).  It was also shown that GABA receptor-
mediated depolarization indirectly activates voltage-gated calcium channels that in turn increase 
intracellular levels of calcium, leading to the activation of many second messenger cascades that 
induce transcription of several genes involved in neural differentiation, synaptogenesis and 
development.  Interestingly, cellular differentiation of dLGN neurons starts at E10-13, and relay 
cells could be easily identified from interneurons after 12 hours of birth (Angevine, 1970; 
Parnavelas et al., 1977). Moreover, GABA could be detected in the dLGN of the mouse way 
before inhibitory synapses are formed (Arcelli et al., 1997; Bickford et al., 2010).  These events 
precede the growth spurts of relay cells, and might suggest that GABA plays a role in relay cells 
differentiation, functional characteristics, survival as well as dendritic branching and field extent.  
Although GABA may play a role in relay cell development, it remains to be seen whether 
inhibitory elements are affected by the elimination of retinal innervation.     
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Conclusions  
 This is the first in depth study of relay cells development in the dLGN of the mouse.  
Moreover, it is also one the first investigations of the mechanisms that influence the maturation 
of these neurons.  We found that retinal innervation plays an important trophic role in the 
maturation of dLGN and is necessary for the continued maintenance of relay cells structural 
integrity.  While non-retinal sources of input may play a contributing role in relay cells growth, 
they are not sufficient by themselves to regulate cell maturation.   
Many factors could be implicated in the development of relay cells.  With the availability 
of multiple tools, we would be able to dissect all the contributing elements and understand how 
they work in concert to develop a functional circuitry.  For example, the role of cholinergic 
activity in the development of dLGN neurons could be studied with the use of the transgenic 
mouse model (Chat-cre).  In this mouse, the choline acetyltransferase drives the expression of cre 
recombinase.  By crossing these mice with other reporter mouse lines, these projections can be 
visualized and traced.  In fact, these mice are currently employed in our lab to study the patterns 
of cholinergic innervation to dLGN.  Moreover, we can study how these inputs are affected by 
the loss of retinal innervation by crossing them to math5-nulls.  Similar experimental approaches 
could be used to study the effects of inhibition on development, as well as the role of retinal 
innervation in the connectivity patterns using the GAD67 and GAD65 transgenic mouse models 
(Tamamaki et al., 2003; López-Bendito et al., 2004).  In these mice, GFP-expressing neurons 
could be easily targeted for electrophysiological as well as morphological studies.  Lastly, further 
experiments should be performed in the math5-null/golli-τ- GFP crosses to gain a better 
understanding of the corticogeniculate connectivity in dLGN of math5-nulls.   
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 We mapped the developmental time course of relay cells in the dLGN; however the 
molecular mechanisms underlying these events remain unknown.  Using techniques such as 
microarray analysis, we can start identifying genes that could be implicated in relay cells 
maturation, as well as dendritic branching, elongation and stabilization.  Knowing the time points 
of relay cells growth spurts, we can search for genes that could be up/ or down-regulated during 
these developmental periods, and perhaps compare the expression patterns to ones seen in 
math5-nulls.    
 Lastly it is important to consider these results in a clinical context, especially in situations 
where RGCs are degenerating or completely lacking. In math5-nulls, the overall form and 
function of relay cells seem relatively preserved, and it appears that they are able to receive and 
convey signals. Therapeutic measures that would be taken to restore vision either through 
prosthetics or stem cells research should be done in accordance with the developmental changes 
that we noted.  For example, during weeks 1, 3-4, the dendritic architecture of relay cells is 
similar between math5-nulls and WTs.  Moreover, more measures need to be taken such as 
trophic support to insure proper growth and development of relay cells and dLGN.   
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Figure 21 
Development of relay cells in WT and math5-nulls. 
Schematic summarizing the development of relay cells in WT (top row) and math5-nulls (bottom 
row).  In WT, relay cells undergo two growth spurts.  The first one occurs during the first 
postnatal week, where cell class specification and complexity are established.  Relay cells can be 
classified in three groups based on their morphological profiles: Y-radial, W-hemispheric, and 
X-biconical. The second growth spurt starts during the second week and continues through the 
third week, where there is an extensive increase in dendritic length and field extent.  Following 
the third week, the overall growth of relay cells is stabilized.  Moreover, corticogeniculate 
innervation is not complete until the end of the second postnatal week.  Corticogeniculate 
patterns of innervation are illustrated in green.  In the absence of retinal innervation, relay cells 
maintain their general form and function.  However, dLGN is highly reduced in size, and relay 
cells exhibit disrupted growth spurts having smaller somata and fluctuations in dendritic 
complexity and field extent.  An exuberant dendritic branching is noted in week 2.  These 
additional branches are lost during week 3.  Finally, by week 5, an overall reduction in relay cells 
surface area is observed in math5-nulls which results from a continued loss of dendritic 
segments, as well as shrinkage and retraction of dendritic processes.  Moreover, 
corticogeniculate innervation is highly accelerated and is complete a week earlier than WT.  
These results are further illustrated in the scatter plots examining the different aspects of relay 
cells growth:  (Top:  dendritic surface area; bottom, left panel: dendritic branching; bottom right 
panel:  dendritic field).  The increased dendritic surface area seen in math5-nulls during the 
second postnatal week can be explained by exuberance in dendritic branching (blue dotted area).  
Whereas, the reduction in dendritic surface area observed in the fifth postnatal week is due to a 
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retraction in dendritic field as well as a continued loss of dendritic branches (Orange dotted 
area).  Images are drawn to scale (scale bar= 100 m). 
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Abstract  
A fundamental feature of the mammalian visual system is the presence of separate 
channels that work in parallel to efficiently extract and analyze specific elements of a visual 
scene. Despite the extensive use of the mouse as a model system, it is not clear whether such 
parallel organization extends beyond the retina to subcortical structures like the dorsal lateral 
geniculate (dLGN) of thalamus. To begin to address this we examined the morphology of 
biocytin filled relay cells recorded in dLGN of mice. Based on a quantitative assessment of their 
dendritic architecture we found that even at early postnatal ages relay cells could be readily 
classified as X-(bi-conical), Y-(symmetrical) or W-like (hemispheric) and that each cell type was 
regionally specified in dLGN. X-like cells were confined largely to the monocular ventral region 
of dLGN. Y-like cells occupied a central core that also contained ipsilateral eye projections, 
whereas W-like cells were found along the perimeter of dLGN. Similar to cat, Y-like cells were 
more prevalent than X- and W-like cells, and X-like cells tended to be smaller than other cell 
types. However, the dendritic fields of X- and W-like cells did not exhibit an orientation bias 
with respect to optic tract or boundaries of dLGN. While we found clear morphological 
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differences among relay cells, an analysis of their electrophysiological properties did not reveal 
any additional distinguishing characteristics. Overall, these data coupled with recent observations 
in the retina suggest that the mouse has many of the hallmark features of a system wide parallel 
organization.  
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Introduction  
   The visual system of many mammals consists of separate parallel pathways that are 
designed to analyze different aspects of the visual scene (Lennie, 1980; Stone, 1983; Nassi and 
Callaway, 2009). The discovery of such organization has relied heavily on anatomical and 
electrophysiological descriptions, but an understanding of the molecular mechanisms underlying 
their specification and assembly remains largely unresolved.  However, the advent of mouse 
models, which delineate genetically encoded markers for specific cell types, has created a wealth 
of opportunity to explore such avenues (Gong et al., 2007; Rotolo et al., 2008; Badea et al., 
2009; Siegert et al., 2009). For example, in the retina several classes of retinal ganglion cells 
(RGCs) have been identified, and many of these seem to comprise separate channels that have 
distinct molecular, morphological and functional features, as well as unique patterns of 
connectivity and central projections (Hattar et al., 2006; Huberman et al., 2008; Kim et al., 2008; 
Yonehara et al., 2008; Huberman et al., 2009; Siegert et al., 2009; Ecker et al., 2010; Kim et al., 
2010; Hong et al., 2011; Kay et al., 2011; Rivlin-Etzion et al., 2011). Nonetheless, what remains 
unexplored in the mouse is whether these separate retinal channels are preserved and 
recapitulated in a parallel manner onto recipient cells in central target structures. For instance, in 
the dorsal lateral geniculate nucleus (dLGN) of many mammals at least three different classes of 
dLGN relay cells have been identified (Stone, 1983; Nassi and Callaway, 2009).  Perhaps the 
most extensively studied have been X-, Y- and W-cells of the cat (Sherman and Spear, 1982; 
Sherman, 1985). These cell types are morphologically and functionally distinct, receive 
information from analogous classes of RGCs, and exhibit strong regional preferences within 
dLGN. While there is some evidence for a similar organizational scheme in the rat (Reese, 
1988), it is not clear whether mouse thalamocortical cells are functionally or even 
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morphologically distinct (Grubb and Thompson, 2003; Jaubert-Miazza et al., 2005).  In fact, it is 
not even known whether different classes of relay cells exist and if so, where they reside, or 
when during development they are specified.  
To begin to address these issues, and as a prelude to understanding the bases of the 
morphological diversity of dLGN cells, we examined the dendritic architecture of relay cells at 
different postnatal ages in a commonly used pigmented strain (C57/BL6) of the mouse. We made 
use of an acute thalamic slice preparation in which individual cells were filled with biocytin 
during whole cell recordings and then reconstructed using confocal microscopy. By applying a 
quantitative assessment of their dendritic orientation and tracking the location of filled cells with 
respect to the boundaries of dLGN as well as eye-specific domains within it, we were able to 
assess whether morphologically distinct classes of cells resided in discrete locations of dLGN.    
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Materials and Methods  
Animals  
   C57/BL6 mice between postnatal ages (P) 1-40 were used. Pups were bred in a resident 
colony from breeders that were obtained from commercial vendors. For all surgical procedures, 
animals were deeply anesthetized with isoflurane vapors. All experiments were conducted under 
the guidelines of the Institutional Animal Care and Use Committee at Virginia Commonwealth 
University.  
Slice physiology, intracellular filling, and tissue preparation  
   To visualize eye-specific domains and the boundaries of dLGN during the recording, we 
first made intravitreal injections of the anterograde tracer cholera toxin B subunit (CTB, 3-5 μL 
1.0% solution dissolved in distilled water) conjugated to Alexa Fluor 488 or 555 (Invitrogen).  
Following a 24-48 hr survival period, mice were prepared for acute in vitro thalamic slice 
recordings (Bickford et al., 2010). Because these mice were part of another study that involved 
the examination of synaptic responses, we adopted a modified sagittal slice preparation that 
retained retinal axonal input and intrinsic circuitry of dLGN (Chen and Regehr, 2000; Bickford 
et al., 2010). Typically, we were able to generate two slices through the dorsal thalamus that 
contained a relatively complete section of dLGN. To confirm our initial findings regarding the 
regional preferences of identified cell types, additional experiments were conducted in a coronal 
slice preparation.  Individual (250-300 μm thick) slices containing dLGN were placed into a 
recording chamber maintained at 32°C and perfused continuously at a rate of 2.0 ml/min with 
oxygenated ACSF (in mM: 124 NaCl, 2.5 KCl, 1.25 NaH2 PO4 , 2.0 MgSO4 , 26 NaHCO3 , 10 
glucose, 2 CaCl2 , saturated with 95% O2 /5% CO2 , pH=7.4). In vitro intracellular recordings 
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were done in the whole-cell current clamp configuration with the aid of IR-DIC and fluorescence 
optics (Olympus VX51) on a fixed stage, visualized recording apparatus.  Patch electrodes (3-7 
MΩ) made of borosilicate glass were filled with a 5% biocytin solution containing (in mM): 130 
K Gluconate, 10 HEPES, 8 NaCl, 2 ATP-Mg, and 0.1 GTP-Na (pH=7.25).  Once whole cell 
recording was established, neurons were filled with biocytin by passing alternating positive and 
negative current pulses (+ 0.5 nA, 200 msec) through the recording electrode. For some cells, we 
examined their membrane properties and firing characteristics by recording the voltage responses 
to intracellular injections of square wave current pulses (+0.01 nA steps, 900 ms duration). After 
recording, slices were fixed overnight with 4% paraformaldehyde in 0.1 M phosphate buffer 
solution (pH=7.2) and then incubated for 24 hrs in a 0.1% solution of Alexa Fluor 647 
conjugated to streptavidin (Invitrogen) dissolved in PBS with 0.1% Triton X-100. Slices were 
washed with PBS and then mounted with ProLong Gold (Invitrogen), cured overnight at room 
temperature and stored in a freezer at -20°C. Sections were initially visualized and photographed 
with an upright epi-fluorescence microscope (Nikon E6000) to select labeled cells that were 
suitable for confocal laser scanning microscopy. Relay neurons were readily distinguished from 
interneurons by the appearance of round somata, radially oriented dendritic trees, and axons that 
exited the dLGN (Parnavelas et al., 1977).   
Cellular imaging and reconstruction            
   Reconstructions were done using a multi-photon/confocal laser scanning microscope 
(Zeiss LSM510 NLO Meta). Fluorescence from labeled dLGN neurons was excited using a 633 
nm HeNe laser and emission was detected over a range of 651–694 nm. Targeted neurons were 
imaged with a Plan-Neofluar 40x (1.3 n.a.) oil immersion objective or a C-Apochromat 40x (1.2 
n.a.) water immersion objective at a scan resolution of 2048x2048 pixels. 3-D datasets, collected 
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through a depth of 20-100 µm were compiled from a sequential series of optical slices with a 
step size through the z-axis of 0.48 µm (40x, 1.2 n.a.) or 0.5 μm (40x, 1.3 n.a.). Z-stack datasets 
were rendered and analyzed offline using Volocity software (Improvision, version 4.3.2).  Image 
stacks were collected in a plane that was orthogonal to the slice and were then deconvolved using 
an iterative restoration technique to reduce signal noise generated from outside the focal plane of 
interest. Threshold values were set according to signal intensity and background noise. For cells 
in which it was not possible to obtain a complete reconstruction of their dendritic field (e.g., cut 
dendrites that exited the slice), or where neighboring cells had overlapping dendritic arbors, or 
where there was an excessively high background due to apparent leakage of dye in the 
surrounding neuropil were excluded from the study. The location of labeled cells was noted by 
examining their position with respect to boundaries of dLGN and eye-specific domains, 
delineated by CTB labeled retinal projections.  Regional preferences were statistically assessed 
by performing chi-square (χ2) analyses on the expected and observed frequencies. To confirm the 
statistical power of χ2 tests, Monte Carlo simulations (n=1000) were run whenever observed 
frequencies were less than 5.   
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Results  
   A total of 98 relay neurons in mice ranging in age from P1-40 were filled with biocytin 
during intracellular recording and then reconstructed using confocal microscopy (Fig. 1). 
Representative examples are shown in Fig. 2A. Relay cells had type I or class A morphology 
(Parnavelas et al., 1977) which consists of a thick unbranched axon, relatively large round 
somata and multipolar dendritic arbors comprised of 6-7 primary dendrites. In fact, even cells at 
early postnatal ages had fairly large somata and complex dendritic trees with a distinct 
architecture. Nonetheless, we did observe a substantial change in dendritic architecture after the 
first postnatal week (Fig. 2B-C). Between P1-5, dendritic trees contained about 40 branches. At 
these ages, the majority of branching was confined to the 2 nd  through 4 th  order, but some 
neurons displayed branches up to the 6 th -8 th  order (Fig. 2C). However as shown in Fig. 2B, 
after P7, dendritic complexity showed a significant increase (one-way ANOVA, F=7.154, 
Bonferroni post hoc test, P<0.01 for all comparisons) but then stabilized, such that the total 
number of branches (80-100) and degree of higher order branching (3
rd
 - 9
th
 ) were similar for 
cells across a wide range of postnatal ages (P7-40, Fig. 2C). By contrast as shown in Fig. 2D, 
soma surface area while somewhat variable did not show any significant changes with age. Thus, 
similar to the observations made in the developing rat dLGN (Parnavelas et al., 1977), relay cells 
in mouse undergo a rapid growth spurt during early postnatal life. By P7, dendritic branching 
stabilized and profiles took on a highly stereotypic architecture. All subsequent analyses were 
conducted on cells between ages P7-40.    
   To assess whether these dendritic patterns could be quantified and used as a means to 
distinguish different morphological subtypes of dLGN cells, we employed a Sholl ring analysis 
(Friedlander et al., 1981).  For 73 cells we compiled a Z-stack, and on the projection image, 
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placed five concentric rings at equidistant intervals (range: 15-27 μm) centered on the soma. The 
radius of the innermost ring (the most proximal from the soma) was based on the breadth of the 
total dendritic field, so that the outermost ring (the most distal from the soma) encompassed all 
but the tips of the longest dendrites. The rings were divided into four quadrants (a1 , a2  and b1, 
b2) by passing two lines through the center of the soma at right angles to one another (Fig. 3A). 
In studies that employ Sholl rings, these axial lines are oriented perpendicular (vertical) and 
parallel (horizontal) to eye-specific laminar borders within dLGN (Friedlander et al., 1981; 
Stanford et al., 1981; Stanford et al., 1983). Such positioning ensures that the Sholl ring analysis 
captures the strong orientation biases in dendritic architecture of some classes of dLGN cells. 
However, the mouse dLGN lacks such lamination (Jaubert-Miazza et al., 2005). Instead retinal 
projections from the ipsilateral eye occupy only about 10-15% of the nucleus and form an 
irregularly shaped patch that courses through the anteromedial region. Thus, in keeping with 
previous strategies (Friedlander et al., 1981; Stanford et al., 1981; Stanford et al., 1983), the lines 
delineating the quadrants of the Sholl rings were arranged to maximize the difference in dendritic 
intersections between the two axial planes. For a given cell, the number of dendritic intersections 
passing through each ring was counted and grouped by axial plane (a1 +a2 or b1 +b2). The ratio 
of the minimum number of intersections in one plane versus the maximum number in the other 
was taken as an index of dendritic orientation (DOi). A DOi of 1.0 represents a cell with equal 
number of intersections in both axial planes, whereas a cell with intersections in just one plane 
would have a DOi of 0.0.   
  A k-means cluster analysis (Hartigan and Wong, 1979; Blashfield and Aldenderfer, 1984) 
was then conducted to examine the independent grouping of cells by their pattern of dendritic 
orientation. Since the algorithm requires that k, the number of expected clusters, must be 
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specified a priori, we used the “elbow criterion” as a convenient heuristic to estimate the optimal 
number of clusters, if any (Jain et al., 1999; Chen et al., 2007). Briefly, this criterion is based on 
the plot of the ratio of the between-group variance to the total variance (total sum of squares) as a 
function of cluster number (Fig. 3B). As the number of clusters increases the total variance 
explained by the data increases monotonically until a further increase in the number of clusters 
reaches a plateau. Thus, the location of the “elbow” is used to delineate the appropriate number 
of clusters within a given dataset. In other words, the elbow identifies the optimal number of 
clusters up to the point where adding additional ones would not significantly account for a 
change in the total variance. Finally, it should be noted that the absence of an elbow may be an 
indication that there is no cluster structure in the data.  
When these analyses were applied to DOi values of biocytin filled cells, three clusters 
were identified (Fig. 3B). As illustrated in the frequency distribution of DOi values (Fig. 3C), 
three distinct groups existed (Kruskal-Wallis test, χ2 =60.94, P<0.0001). Representative cells 
from each group are shown in Fig. 3D. The group on the far left of the DOi distribution (Fig. 3D, 
left panel) represents cells with dendritic intersections that were restricted to only one axial 
plane, while those in the middle of the distribution (Fig. 3D, middle panel), had values that 
reflected intersections that were found in one plane and the quadrant of the other, whereas those 
on the far right (Fig. 3D, right panel) had an equivalent number of intersections in one axial 
plane or the other.   
    To better illustrate the dendritic architecture of cells in each of these groups, we 
generated polar plots that were based on the outermost dendritic intersections occurring within 
each one of the rings (Fig. 3E). For each of these intersections we then measured the radial 
length and the corresponding angle using the soma center as the point of origin. Summary 
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histograms (Fig. 3F) which plot these lengths as a function of angle, further underscore the 
existence of three morphological subtypes. Indeed, each group bears a striking resemblance to X, 
Y- and W-cells of the cat (Friedlander et al., 1981; Stanford et al., 1981; Stanford et al., 1983). 
Cells with X-like morphology had a bi-conical shape and orientation preferences that were 180° 
apart from each other. Cells with W-like morphology had a hemispheric profile with orientation 
preferences that occupied all but one quadrant. Finally, cells with Y-like morphology had a 
profile that was radially symmetric, and showed no orientation preference in their dendritic tree. 
The relative proportions in which each of these subtypes was encountered were also similar to 
values reported in the cat. From a total of 73 cells close to half (49%) were Y-like, 22% X-like, 
and 29% W-like (χ2 =11.53, df=2, p<0.01; Y-cell, z=2.77, P<0.01). Moreover, we found that X-
like cells tended to be smaller than W- and Y-like cells. For example, Table 1 reveals that 
dendritic and soma surface area, as well as the spatial extent of their dendritic fields, was 
comparatively smaller for X-like cells. Indeed, these differences do not appear related to the 
postnatal age of cells in each group (one-way ANOVAs, F= 0.406 for surface area, F=0.629 for 
dendritic field, P>0.53 for both comparisons).   
   In the absence of eye-specific lamination, we instead investigated whether dendritic 
architecture of X- and W-like cells exhibited a particular orientation bias with respect to the 
borders of dLGN. Interestingly, unlike the cat (Friedlander et al., 1981; Stanford et al., 1981; 
Stanford et al., 1983), X- and W-like cells in the mouse did not exhibit a particular orientation 
preference.  Fig. 4 provides examples of how the dendritic trees of X- and W-like cells were 
aligned either with respect to optic tract (X-like) or the boundaries of dLGN (W-like). These 
references points were chosen based on the strong regional preferences each cell type displayed 
(see below). For X-like cells roughly half had their bi-conical shape arranged perpendicular to 
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the optic tract, while the others were aligned in parallel (Fig. 4C left, χ2 =0.2, df=1, P=0.66). For 
W-like cells, just as many were likely to have their hemispheric dendritic profile facing towards 
as away from the borders of dLGN (Fig. 4C right, χ2 =0.04, df=1, P=0.84). It is important to note 
that the analysis of W-like cells was restricted to those with a soma that was within 100 µm of a 
border, indicating that the boundaries of the nucleus did not pose as a physical determinant of 
morphological subtype.  
   While we found clear morphological differences among relay cells, an analysis of their 
active and passive membrane properties showed no additional distinguishing characteristics. For 
44 biocytin filled cells (X- n=12, W- n=10, Y-like n=22) we recorded whole-cell voltage 
responses evoked by intracellular current injection. Fig. 5A provides representative examples of 
voltage responses and I-V relations for each of the identified groups. X-, W-, and Y-like cells 
possessed the full complement of voltage-gated conductances that are typically reported for 
dLGN relay cells (Crunelli et al., 1987; Crunelli et al., 1989; Williams et al., 1996; MacLeod et 
al., 1997; Ziburkus et al., 2003; Jaubert-Miazza et al., 2005).  For example, membrane 
hyperpolarization activated a mixed cation conductance (H) that led to strong inward 
rectification (i.e., depolarizing sag). The cessation of hyperpolarizing current steps and passive 
repolarization of membrane levels evoked large triangular “rebound” low threshold Ca2+  spikes 
(LT) and burst firing (B). Membrane depolarization activated an outward rectifying K
+
 
conductance, which delayed the onset of spike firing (A). Finally, strong levels of membrane 
depolarization produced spike trains that exhibited frequency accommodation (AHP). As shown 
in Fig. 5B, values of resting membrane potential (Vm), input resistance (IR), and membrane time 
constant (τ 0 ) were also not different among X-, W-, and Y-like cells (one-way ANOVAs, 
F=1.031 for resting Vm, F=0.532 for I R ,  F=0.199 for τ 0 , P>0.36 for all comparisons).   
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   To examine whether these morphologically defined cell types reside in specific regions of 
the dLGN we tracked the location of 61 cells from a total of 36 slices in which they were 
recorded (Fig. 6). An example of a typical slice along with CTB labeled terminal fields 
delineating the boundaries of dLGN and eye-specific domains are shown in Fig. 6A. Because 
dLGN slices varied in size and shape, we normalized each one with respect to its maximum 
height and width. Outlines of each slice along with the relative position of filled cells are shown 
in Fig. 6B. While cells of each group were not completely segregated within dLGN, clear 
regional preferences were apparent. For example, the majority of X-like cells were located near 
the ventral-posterior border of dLGN, adjacent to the intrageniculate leaflet (IGL) and ventral 
lateral geniculate nucleus (vLGN) in a region that corresponds to the monocular segment 
(Coleman et al., 2009). W-like cells were dispersed along the outer boundaries of dLGN, in 
regions that lie near the optic tract or the opposing border of the nucleus. Y-like cells were 
broadly distributed throughout dLGN but were most prevalent within a central band that coursed 
throughout its length in a plane that was roughly parallel to the optic tract.   
   To assess these preferences statistically we divided the cell location plot of Fig. 6B into 
the patterns shown in Fig. 6C (a-c, three vertical sectors; d-f, three horizontal sectors; and g-h, 
inner and outer sectors). We then compared the observed and expected frequencies for a given 
cell type within each of these sectors (Fig. 6C). X-like cells showed a significant regional 
preference in sectors a,e, and h largely because of the clustering noted in the monocular segment 
(a-c: χ2 =12.40, df=2, P<0.01, Monte Carlo 0.1%; a: z=2.68, P<0.01; d-f: χ2 =19.6, df=2, 
P<0.0001, Monte Carlo 0.0%; e: z=4.32, P<0.0001; g-h: χ2 =4.26, df=1, P<0.05, Monte Carlo 
2.7%). W-like cells exhibited a significant preference for sector h, which corresponds to the 
perimeter of dLGN (g-h: χ2 =5.06, df=1, P<0.05, Monte Carlo 1.7%). Y-like cells showed a 
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significant preference for sector e, which corresponds to a central strip within dLGN (d-f: χ 2 
=10.94, df=2, P<0.01, Monte Carlo 0.5%; e: z=2.71, P<0.01). Typically, this region was 
occupied by projections arising from the ipsilateral eye (Fig. 6A). Indeed as shown in Fig. 7, in 
slices where the eye-specific domains were labeled with CTB, we found that 11 of 15 cells 
(73%) that had their soma within this region were Y-like (χ 2 =12.88, df=2, P<0.01, Monte Carlo 
0.1%; Y-like, z=2.89, P<0.01). Moreover, similar to the arrangement of Y-cells in the cat 
(Friedlander et al., 1981), for many Y-like cells in mouse, their dendritic fields extended beyond 
the boundaries of the ipsilateral eye into regions occupied by contralateral eye terminal fields. 
Finally, as shown in Fig. 6D, the regional preferences noted above were also apparent in 
thalamic slices cut in the coronal plane (21 slices, n=31 cells; a-b: X-like, χ 2  =4.16, df=1, 
P<0.05, Monte Carlo 3.5%; W-like χ 2  =8.64, df=1, P<0.01, Monte Carlo 0.1%; Y-like, χ 2  
=0.00, df=1, P=1.0).  
            To better illustrate the spatial relations of identified cell types we generated summary 
diagrams (Fig. 8) that incorporated cell locations from slices cut in the parasagittal and coronal 
plane. Overall, X-like cells resided in the monocular segment of dLGN near the ventral border 
separating dLGN from IGL. W-like cells seemed to form a ring around the perimeter of dLGN. 
In fact, for most (79%, 22/28) their soma was located with 100 µm of the boundaries of the 
nucleus (χ 2 =8.04, df=1, P<0.01).  Finally Y-like cells were more evenly dispersed throughout a 
central core of dLGN, and compared to X- and W-like cells, they showed a strong preference for 
the binocular region of dLGN (Caviness et al., 1980; Coleman et al., 2009).   
122 
Figure 1  
Recording preparation, cellular labeling, and confocal reconstruction of mouse  dLGN 
cells.  
A. Panels depict actual fluorescence and DIC images taken through the upright microscope 
during in vitro slice recording. Left and middle panels show anterograde labeling of retinal 
projections with CTB conjugated to Alexa Fluor 488 or 555. Far right panel is a DIC image of 
the same slice showing a patch pipette filled with biocytin. B. Same sections as in (A) but here 
the slice is fixed and photographed through an upright epi-fluorescence microscope. Shown are 
crossed (left panel, green) and uncrossed (middle panel, red) retinal projections along with three 
biocytin-filled cells (right panel, pseudo-colored in blue but labeled with far-red Alexa Fluor 
647). The solid blue line delineates the boundaries of dLGN. Scale bar, 200 µm. C. Higher-
magnification of far right panel in (A) showing DIC image of a dLGN relay cell with the tip of 
the patch pipette. Scale bar, 5 µm. D. Same relay cell shown in (C) and (B, far right panel, 
middle cell) after fixation and streptavidin reaction. A-D are from the same slice taken from a 
P17 mouse. E. Example of a biocytin-labeled interneuron from another dLGN slice of a P14 
mouse. Relay cells and interneurons have distinct morphology and can be readily distinguished. 
Scale bar, 20 µm. F. Confocal sequential series of optical slices of a dLGN neuron (at P15) with 
a step size through the Z-axis of 0.48 µm. G. Projection image of the 3-D rendered cell shown in 
(F). Scale bar, 50 µm.   
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Figure 2 
Morphology of developing dLGN relay cells.  
A. Reconstructions are based on the Z-stack images of representative relay neurons filled with 
biocytin at different postnatal ages. Neurons are grouped by dendritic architecture (top: radially 
symmetric, middle: hemi-spherical, bottom: bi-conical) and arranged within a row by increasing 
postnatal age (P, lower right corner of each cell). Scale bar, 50 µm. B-C. Summary plots showing 
the mean number of branches (B) and branch order (C) at different postnatal ages. At P1-5 the 
complexity of relay cells is not fully mature. (P1-5, n=5 cells; P7-11, n=9; P13-19, n=7; P21-40, 
n=11) Error bars represent SEM.  D. Scatter plot showing soma cell surface area at different 
postnatal ages (P1-40). Each point represents a single neuron (n=56). Linear regression is shown 
as the best fit line and did not reveal any correlation between soma size and postnatal age (df=56, 
R
2
 =0.0009, P=0.83).   
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Figure 3 
Quantitative assessment of dendritic architecture.   
A. Example of a Sholl ring superimposed on the dendritic tree of a relay cell. The dendritic tree 
spans across two axial planes and four quadrants (a1, a2  and b1 , b2) quadrants. The concentric 
rings have equidistant intervals centered on the soma. For each cell we computed an index of 
dendritic orientation (DOi), the ratio of the minimum to maximum number of intersections in 
each axial plane (a1 +a2 or b1 + b2). B. Plot depicts the percentage of variance in the DOi values 
for all cells (n=73) as explained by the number of clusters. The percentage of variance explained 
is the ratio of the between-group variance to the total variance (see Results). The red dotted line 
delineates the point in the graph (three clusters) where a further increase in the number of 
clusters does not yield a significant change in the percent of variance explained. C. Histogram 
that plots the distribution of DOi values for all cells. Solid lines represent Gaussian fits and 
dotted vertical lines delineate the three clusters determined in (B). The group on the far left (0-
0.49) are cells (n=16) with the least amount of intersections in one plane or the other (a1 +a2  or 
b1 + b2 ); the middle group (0.50-0.79) are cells (n=21) that had intersections in one plane and 
the quadrant of the other, and on the far right (0.80-1.0) are cells (n=36) that had roughly the 
same number of intersections in one axial plane or the other. D. Representative examples of cells 
in each of the defined groups from (B-C). Dashed lines illustrate the dendritic architecture. Note 
that each profile resembles the dendritic architecture of X-, W-, and Y- cells of the cat. Scale bar, 
50 µm. E. Superimposed polar plots of the dendritic profiles (thin gray lines) for cells in each of 
the defined groups as determined by the analyses in (A-C). Polar plots were generated by using 
the outermost dendritic intersections and the soma center as the point of origin. For X-like cells, 
plots were arranged so their bi-conical shape was oriented vertically; for W-like cells, plots were 
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arranged such that the quadrant with the fewest dendritic branches appeared on top. Colored 
lines (red, blue, and green) depict the dendritic profiles of X-, W-, and Y-like cells shown in (D). 
Thick white lines are the median profiles for each group. F. Summary histograms of the average 
radial length of the outermost intersections at different angles depicted in plots shown in (E). 
Angles increase in a clockwise manner with 0° corresponding to the right horizontal axis of plots 
shown in (E). Bin size, 22.5°.  
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Figure 4 
Pattern of dendritic orientation for X- and W-like cells.  
A-B. Representative reconstructions of X- and W-like cells in relation to the optic tract (OT) or 
boundaries of dLGN. For X-like cells dendritic orientation was examined relative to OT 
(perpendicular or parallel, solid line). For W-like cells, orientation was examined relative to the 
boundaries of the dLGN (dendritic arbor away or towards, dotted line). Reconstructions are 
based on the Z-stack images of relay neurons filled with biocytin. Schematic drawings depict 
dendritic orientation for X- (red) and W-like (blue) cells (dLGN border, dotted line; OT, solid 
line). Scale bar, 50 µm. C. Bar graphs showing the orientation preferences for X- and W- like 
cells. For the latter, those cells that had their soma within 100 µm from dLGN border were 
included (22/28). Numbers in parenthesis depict cell counts. Schematic drawings are the same as 
in (A-B).  
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Figure 5  
Membrane properties of morphologically identified cells types in dLGN.  
A.  Representative examples of voltage (V) responses to current (I) injections for a X- (left 
column, P14), W- (middle column, P24), and Y- (right column, P17) like cell. Plots below traces 
depict the corresponding I-V relations for each cell (±0.01 nA square-wave current pulses; 900 
ms long). Note the presence of a depolarizing sag (H) during membrane hyperpolarization, the 
large rebound low threshold Ca
2+
  spike (LT) and burst (B) firing following the termination of 
the hyperpolarizing current pulse, the delay in spike firing (A) and spike frequency 
accommodation (AHP) during membrane depolarization. Corresponding I-V plots depict similar 
forms of inward and outward rectification. B. Bar graphs showing the averages for resting 
membrane potential, input resistance, and decay time (τ 0 ) for X- (n=12), W- (n=10), and Y-like 
cells (n=22). Error bars represent SEM.   
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Figure 6 
Location of identified cell types in dLGN.  
A. An example of CTB filled section of dLGN, showing crossed (green) and uncrossed (red) 
retinal projections. Adjacent to the optic tract (OT) is the intrageniculate leaflet (IGL) and 
ventral lateral geniculate nucleus (vLGN). For purposes of orientation, a schematic of a sagittal 
section through the dorsal thalamus is provided (D, dorsal; A, anterior; CA3, field of 
hippocampus; V1, primary visual cortex; LV, lateral ventricle). B. Outlines of dLGN slices 
(n=36, thin gray lines) along with the relative position of each identified cell type (colored 
symbols: X-like, red, n=15; W-like, blue, n=14; and Y-like, green, n=32). Outlines and cell 
location have been normalized with respect to maximum height and width of dLGN (A). Thick 
black line reflects the median of all outlines. C. Cell location was assessed by dividing dLGN 
plot of (B) into the following sectors:  a-c three vertical sectors, d-f three horizontal sectors, g-h 
inner and outer sectors. Below each pattern are the corresponding observed (number of cells and 
corresponding percentages in parenthesis) and expected frequencies (E freq ) for a given cell 
type. Locations showing a significant spatial preference for a given cell type are marked with an 
asterisk (all P values <0.01 to 0.05). D. Outlines of dLGN slices (n=21) cut in the coronal plane 
along with the relative position of 31 identified cell types. All other conventions are the same as 
(B). D, dorsal; M, medial. For B and D, a total of 18 cells were classified qualitatively (X- n=5, 
W- n=7, and Y-like n=6).  
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Figure 7 
 Location of identified cell types relative to eye-specific domains in dLGN. 
A-C. Panels illustrate representative CTB-filled sections of dLGN taken from a P12 (top row) 
and P17 mouse (bottom row). A-B. Crossed projections are shown in green (A) and uncrossed 
ones from the same section in red (B). C. Higher-magnifications of insets in (B) depict relay cells 
located within (top panel) or on the border (bottom panel) of the uncrossed retinal projections 
region (red lines). Biocytin filled relay cells in A-C are in blue. Scale bars, 200 µm for (A-B) and 
100 µm for (C). D. Outlines of normalized dLGN slices (n=11) containing cells located inside or 
near the borders of uncrossed retinal projections. Green lines represent the boundaries of dLGN 
and red lines the domains of uncrossed retinal projections. Filled circles represent cell soma 
location and the line around them the corresponding dendritic field. Bottom-right panel depicts 
all dLGN outlines and cell somas. The majority of cells (11/15) located in or near the ipsilateral 
eye terminal domain,are Y-like. Note also that in several cases dendritic fields extend beyond the 
boundaries into regions innervated by the contralateral eye.  
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Figure 8  
Summary diagrams showing the regional preferences of different cell types in dLGN.  
A. Drawing illustrating the relative position of X- (red), W- (blue), and Y-like cells (green) in 
parasagittal (filled circles, see Fig. 5B) and coronal (filled triangles, see Fig. 5D) planes of 
dLGN. Both planes were intersected and rotated to provide a 3-D rendering of the dLGN. OT, 
optic tract; A, anterior; D, dorsal; L, lateral. B. Similar diagrams to (A) where each color 
highlights the preferred location of each cell type in the dLGN.   
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Discussion  
   A key element of parallel pathway organization is the presence of separate cell types at 
all levels of processing. While such organization is readily apparent in carnivores and primates it 
is unclear whether the mouse has separate channels that remain segregated beyond the retina. 
Here we report that relay cells in the mouse dLGN are morphologically distinct and have 
dendritic architecture that closely resembles X-, Y- and W-cells of the cat. Moreover, these cell 
types showed regional preferences within dLGN, with Y- and X-like cells displaying an anterior 
to posterior gradient and W-like cells surrounding the perimeter of dLGN. In fact, these regional 
preferences are consistent with studies done in the rat suggesting that the rodent dLGN is 
organized into two separate domains; a rostro-ventral central core comprised of cells that receive 
input largely from fast conducting, large, type I RGCs; and an outer caudo-dorsal shell 
comprised of cells that receive input from slowly conducting, smaller type II and III RGCs 
(Reese, 1988). Additional anatomical evidence seems to support the presence of a third domain, 
located in the postero-dorsal region (i.e., monocular segment) that serves as a recipient zone for 
subset of smaller type II and III RGCs (Martin, 1986).               
Thus, our results in the mouse add to the growing list of evidence in support of a system 
wide parallel organization for the rodent. Nonetheless, it is important to consider them in the 
context of the following unresolved issues. First, while morphologically distinct, are relay cells 
in the mouse functionally distinct? Second, do the regional preferences of mouse relay cells in 
dLGN correspond to the reported axon terminal domains for different subtypes of RGCs? 
Finally, are mouse relay cells positioned to serve as a parallel conduit of information for certain 
regions of visual cortex? Each of these questions is considered below.  
ONL 
GCL 
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   In the mouse, it remains unclear if morphologically defined subtypes of relay cells 
possess different functional properties. Indeed, an analysis of their membrane properties did not 
reveal any obvious differences, a trend that has also been noted in the rat and cat (Sherman and 
Koch, 1986; Crunelli et al., 1987; Crunelli et al., 1989; Soltesz et al., 1989; Williams et al., 1996; 
Ziburkus et al., 2003). Moreover, what little evidence there is on the structure-function relations 
of mouse dLGN cells, suggests that the receptive field properties of mouse dLGN cells are 
known more for their homogeneity rather than their diversity (Grubb and Thompson, 2003; 
2005). In general, mouse dLGN cells display a center-surround organization (on-center or off-
center) and linear spatial summation. Most notable is the lack of non-linear spatial summation, 
since the latter is a distinguishing characteristic of Y-cells recorded in the cat (Friedlander et al., 
1981). Instead, in this regard the mouse dLGN seems more like the primate. In the latter, all 
cells, including M-cells the homologue of Y-cells, show linear spatial summation (Derrington 
and Lennie, 1984; Usrey and Reid, 2000). Also noteworthy is the reported absence of direction 
selectivity in mouse dLGN, since this is a defining feature for a number of identified RGC types 
that form lamina-like projection domains especially in the dorso-lateral tier of dLGN (Kim et al., 
2008; Huberman et al., 2009; Kim et al., 2010; Rivlin-Etzion et al., 2011). However until these 
regions have been properly sampled during in vivo recordings, the possibility still exists that 
relay cells located here may in fact exhibit some form of direction selectivity. Perhaps as 
suggested by Huberman et al. (2009), mouse dLGN cells are more broadly tuned for direction 
selectivity and receive convergent input from more than one type of direction selective RGC.  
    While morphologically distinct groups of mouse relay cells showed strong regional 
preferences in dLGN, they do not seem positioned to serve as an exclusive recipient zone for any 
one class of RGCs. For example, we found that Y-like cells occupy a central core in dLGN, a 
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region that serves as the primary terminal domain for transient Off-α-cells and a group of On/Off 
direction-selective cells that responds to posterior motion (Huberman et al., 2008; Kim et al., 
2010; Kay et al. 2011). These RGC cell types also terminate in ventro-medial regions of dLGN, 
an area where some W-like cells were located. Additionally, we found that X-like cells which 
showed perhaps the strongest regional preference residing almost exclusively in the ventro-
posterior region of dLGN just dorsal to the intrageniculate leaflet (IGL), seem to represent just a 
small portion of much larger terminal domains for several indentified RGC types that vary both 
in morphology and receptive field structure (Hattar et al., 2006; Huberman et al., 2008; Kim et 
al., 2008; Badea et al., 2009; Huberman et al., 2009; Siegert et al., 2009; Ecker et al., 2010;  Kim 
et al., 2010; Kay et al., 2011). Indeed, such overlap between RGC projections and the spatial 
preferences of dLGN cells is to be expected given the wide diversity of RGC types (Masland, 
2001). Perhaps, a more likely scenario is one where multiple classes of RGCs that either share a 
common property, or are broadly tuned for one, converge onto a specific cell type in dLGN. 
Most notable in this regard may be the location of a subset of W-like cells that occupied a dorso-
lateral strip adjacent to the optic tract. This area, also known as the dorsal lateral shell, is distinct 
from other regions of dLGN because it contains a high concentration of calbindin positive cells 
and serves as the as the recipient zone for the collilculo-geniculate projection (Reese, 1984; 
Grubb and Thompson, 2004). This region shares a similar homology to the tecto-recipient zones 
noted in the C-laminae of carnivores (Demeulemeester et al., 1991) and the konicellular division 
of some primates (Harting et al., 1991). At least 3 classes of identified direction selective RGCs 
project to this area:  a group of Off-cells that respond to upward motion (Kim et al., 2008;  Kim 
et al., 2010) and two groups of On/Off cells that prefer posterior motion (Huberman et al., 2009; 
Rivlin-Etzion et al., 2011). Interestingly, these cell types also project to superior colliculus, and 
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thus may be part of a unique colliculo-geniculate feedback loop that involves information 
conveyed by these RGC types. Thus, a major challenge of future experiments is to delineate the 
pattern of retinal convergence that exists between and within different groups of dLGN cells.   
   Finally it is important to consider how the regional specification of identified cell types in 
dLGN relates to the functional organization of visual cortex. Most notable was the discovery that 
X-cells resided primarily within the monocular portion of dLGN while Y-cells were in the 
binocular segment. Such apparent segregation has important functional implications since 
thalamocortical afferents from these regions project in parallel to monocular and binocular 
regions of visual cortex (Caviness and Frost, 1980; Coleman et al., 2009). While the response 
properties of visual cortical neurons show some evidence of parallel channels especially in the 
spatiotemporal domain (Gao et al., 2010), it remains unclear how such organization relates to 
monocular and binocular regions of V1 or to the reported homogeneity of dLGN receptive field 
properties.   
   In sum, our experiments provide a potential substrate for parallel organization in the 
mouse visual system and pave the way for future studies to explore how functional cell class 
specificity originating in the retina is recapitulated in dLGN and then relayed to visual cortex 
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